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Introduction 

Anti-estrogen  drugs  such  as  tamoxifen  have  become  widely  used  to  treat  patients  with  estrogen- 
receptor  positive  tumors.  Although  effective  in  many  cases,  significant  proportions  of  estrogen- 
receptor  positive  tumors  are  intrinsically  unresponsive  to  anti-estrogens  or  have  acquired 
resistance  over  time.  Two  proteins  that  have  emerged  as  key  players  in  this  resistance  are  aptly 
named  Breast  Cancer  Anti-estrogen  Resistance  3  (BCAR3)  and  BCAR1  (also  known  as 
pl30Cas).  Not  only  can  BCAR3  and  pl30Cas  confer  anti-estrogen  resistance  individually,  but 
the  two  have  subsequently  been  found  to  directly  interact  with  each  other.  There  is  also  evidence 
that  the  two  co-operatively  activate  the  Src  kinase,  which  is  implicated  in  metastasis  and 
invasion  by  cancer  cells.  This  implicates  the  BCAR3-pl30Cas  complex  as  a  central  regulatory 
switch  influencing  treatment  of  mammary  carcinomas.  The  C-termini  of  both  BCAR3  and 
pl30Cas  are  responsible  for  their  interaction,  and  the  C-termini  of  BCAR3  has  also  been 
proposed  as  a  GTP  exchange  factor  (GEF)  for  Ras  family  GTPases.  However  little  is  know  the 
molecular  details  of  this  interaction,  and  how  this  relates  to  the  putative  exchange  factor  activity 
of  BCAR3.  The  proposed  project  aims  to  structurally  characterize  BCAR3  and  pl30Cas 
(BCAR1),  and  to  investigate  the  role  of  their  association  in  breast  cancer.  Further  structural 
studies  will  investigate  the  influence  of  BCAR3  and  pl30Cas  in  the  context  of  their  wider 
signaling  pathways  and  downstream  effectors. 
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Body 

This  final  report  summarizes  progress  made  over  the  entire  period  of  the  fellowship,  which  will 
be  terminated  effective  May  10,  2013. 1  have  been  awarded  a  prestigious  Rutherford  Discovery 
Fellowship  by  the  Royal  Society  of  New  Zealand,  and  will  be  moving  to  New  Zealand  to  start 
my  own  research  group  investigating  molecular  signaling  mechanisms  of  cancer  development. 
At  this  time  I  wish  to  convey  my  sincere  appreciation  of  the  support  granted  to  me  by  the 
Department  of  Defense  Breast  Cancer  Research  Program,  which  has  been  instrumental  in 
helping  me  progress  my  career  as  an  independent  researcher. 

This  report  pertains  to  the  entire  research  period,  and  description  of  research,  key  research 
accomplishments  and  reportable  outcomes  that  are  most  relevant  to  the  period  since  the  year  2 
report  are  indicated  by  bold  text. 


Task  1.  Crystallization  and  structure  determination  of  the  complex  between  BCAR3  and 
pl30Cas,  and  BCAR3  alone  (months  1-12): 

la.  Crystallization  trials  with  existing  constructs  (months  1-3). 

lb.  Modification  of  expression  constructs  and  further  crystallization  (months  3-6). 

lc.  Diffraction  data  collection  and  structure  determination  (months  6-12). 

ld.  Model  building  and  analysis  (months  6-12). 

There  was  excellent  progress  towards  all  aspects  of  Task  1.  Expression  constructs  of  BCAR3 
were  tested  and  expressed  large  amounts  of  soluble  proteins.  However,  these  constructs  required 
further  optimization,  particularly  mutagenesis  to  prevent  non-specific  initiation  leading  to 
impurities  during  recombinant  expression  in  E.  coli.  This  construct  yielded  highly  pure  protein 
that  eluted  as  a  single  peak  upon  size  exclusion  and  formed  a  1:1  complex  with  the  pl30Cas  C- 
terminal  domain. 

The  modified  expression  construct  allowed  expression  and  purification  of  large  quantities  of 
BCAR3  suitable  for  crystallization  trials.  These  crystallization  trials  yielded  an  initial  hit  that 
was  optimized  by  several  rounds  of  grid  screening,  additive  screening  and  crystal  'seeding'.  Final 
optimal  conditions  grew  crystals  that  diffracted  X-rays  to  a  resolution  of  2.4  A.  The  structure  of 
the  BCAR3  C-terminal  domain  was  solved  by  molecular  replacement  using  the  homologous 
structure  of  NSP3  (solved  below)  as  a  search  model.  Model  building  and  refinement  led  to  a  final 
model  with  excellent  stereochemical  properties  and  Rfactor/Rfree  of  0.17/0.24. 

Many  crystallization  trials  were  established  for  the  complex  between  the  C-terminal  domains  of 
BCAR3  and  pl30Cas.  No  crystals  were  forthcoming  for  the  BCAR3-pl30Cas  complex. 
However,  crystals  of  the  BCAR3  homolog,  NSP3,  bound  to  pl30Cas  were  optimized  to  a  stage 
where  experimental  phasing  could  be  performed.  NSP3  (also  known  as  Shepl)  is  the  closest 
sequence  homolog  of  BCAR3.  The  structure  of  NSP3  bound  to  pl30Cas  was  solved  to  a 
resolution  of  2.5  A.  It  showed  that  NSP3  and  BCAR3  are  extremely  structurally  similar  (See 
reference  1)  and  thus  the  complex  of  pl30Cas  bound  to  NSP3  serves  as  an  excellent  model  for 
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BCAR3-pl30Cas  binding. 

These  structures  show  that  BCAR3  and  NSP3  share  a  novel  adaptation  of  the  Cdc25 -homology 
domain  fold  (1),  which  renders  them  in  “closed”  conformation  (Figures  1  &  2  in  reference  1). 
This  makes  them  very  unlikely  to  function  as  bona  fide  GTPase  exchange  factors.  These 
structural  findings  are  in  line  with  biochemical  and  biophysical  experiments  (Task  2),  and  mass 
spectrometric  analysis  initiated  in  (Task  3).  Most  strikingly,  the  NSP3-pl30Cas  structure  showed 
that  pl30Cas  binds  at  a  new  interface  created  by  the  closed  conformation  of  the  Cdc25- 
homology  domain  (Figure  2  in  reference  1).  Overall  our  results  suggest  that  the  NSP  family  of 
proteins,  of  which  BCAR3  and  NSP3  are  both  members,  possess  a  C-terminal  domain  that  has 
evolved  from  a  catalytic  function  to  an  adaptor  facilitating  protein-protein  interactions. 

The  structure  of  NSP3  bound  to  pl30Cas  also  represents  the  first  atomic  level  detail  of  the  C- 
terminal  domain  of  pl30Cas,  a  protein  widely  implicated  in  cancer  progression  and  metastasis. 
This  region  adopts  a  four-helical  bundle  extremely  similar  to  that  seen  in  the  focal-adhesion 
targeting  (FAT)  domain  of  focal  adhesion  kinase  (Figure  3  in  reference  1). 


Methodological  details,  as  well  as  detailed  structural  analysis  and  discussion  is  included  in  the 
attached  manuscript  “NSP-Cas  protein  structures  reveal  a  promiscuous  interaction  module  in  cell 
signaling.  Mace  PD,  Wallez  Y,  Dobaczewska  MK,  Lee  JJ,  Robinson  H,  Pasquale  EB,  Riedl  SJ. 
(201 1)  Nature  Structural  and  Molecular  Biology”. 

Task  2.  Analysis  of  candidate  GTPases  (months  1-6): 


2a.  Cloning  and  expression  of  designated  Ras-family  GTPases  (month  1). 

2b.  Binding  studies  using  isothermal  titration  calorimetry  (months  2-6). 

2c.  GTP  exchange  assays  (months  2-6). 

2d.  Assays  and  binding  studies  with  potential  GTPases  identified  in  task  3  (months  12-15). 

Cloning  and  expression  of  putative  Ras-family  GTPases  proposed  for  BCAR3  proceeded 
smoothly,  and  optimized  expression  procedures  for  large  quantities  of  Rap  1  A,  Rap2,  RalA,  RalB 
and  r-Ras  have  been  established.  Isothermal  titration  calorimetry  was  used  extensively  to  test  for 
binding  of  BCAR3  to  target  GTPases.  However,  in  line  with  our  structural  findings  no  binding 
could  be  detected  (1). 

GTPase  exchange  assays  were  also  carried  out  with  candidate  GTPases  loaded  with  the 
fluorescent  GDP  analog,  “mant-GDP”.  In  addition  to  BCAR3,  a  suitable  control  GTPase 
exchange  factor  (GEF)  for  target  GTPases  had  to  be  cloned,  expressed  and  purified.  After 
considering  and  testing  several  putative  GEFs  for  Rap  la  (data  not  shown),  C3G  was  successfully 
purified  and  exhibited  expected  nucleotide  exchange  factor  activity  (1).  The  results  of  these 
assays  also  supported  the  finding  that  BCAR3  is  unlikely  to  perform  as  a  bona  fide  nucleotide 
exchange  factor,  with  no  GDP-exchange  factor  activity  observed  for  BCAR3  (or  NSP3/Shepl)  in 
the  presence  or  absence  of  pl30Cas  (See  Figures  If  and  2c  in  reference  1). 
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The  findings  from  these  biophysical  and  biochemical  experiments  are  very  much  in  line  with  the 
structural  details  revealed  by  our  newly  solved  crystal  structures  (Task  1).  The  essence  being  that 
rather  than  performing  an  enzymatic  function,  the  C-terminal  domains  of  BCAR3  and  NSP3  are 
protein: protein  interaction  domains.  This  suggested  greater  emphasis  should  be  placed  on  the 
signaling  crosstalk  brought  about  by  the  interaction  between  BCAR3  and  pl30Cas,  potentially 
other  Cas  family  members,  and  downstream  kinase  effectors. 

Task  3.  Identification  of  GTPases  bound  by  BCAR3  using  mass  spectrometry  (months  3-12): 

As  described  in  previous  reports,  excellent  progress  was  made  to  address  the  goals  of  Tasks  1-3, 
in  line  with  the  scheduled  timeline.  This  included  the  solution  of  the  structure  of  the  C-terminal 
GEF-like  domain  of  BCAR3,  and  the  structure  of  the  complex  between  pl30Cas  and  NSP3  (a 
close  homolog  of  BCAR3)  (1).  Consequently,  the  focus  of  later  work  progressed  to  tackle  the 
biological  implications  of  our  structural  findings;  namely  that  the  C-terminal  domain  of  BCAR3 
does  not  appear  to  be  a  competent  GTP  exchange  factor,  but  rather  a  highly-evolved  protein- 
protein  interaction  domain  that  specifically  facilitates  crosstalk  between  the  BCAR3  and 
pl30Cas  signaling  pathways.  This  finding  emphasizes  the  importance  of  Tasks  4  and  5,  which 
focus  on  wider  signaling  interactions  rather  than  GTP  exchange  functions  of  BCAR3. 

Task  4.  Disruption  of  BCAR-pl 30Cas  function  by  mutagenesis  (months  12-24): 


4a. 

4b. 

4c. 

4d. 


estrogen  resistance  and 
invasiveness  (months 
17-24). 

Mutants  of  NSP3  (the 
closest  homolog  of  BCAR3) 
were  created  based  on  the 
structure  of  NSP3  bound  to 
pl30Cas.  These  interface 
mutants  were  screened  for 
expression  and  soluble 
behavior  using  E.  coli, 
which  is  an  excellent 
indicator  for  proper  protein 
folding.  Using  these 
constructs  we  were  able  to 
establish  a  panel  of  NSP3  and  pl30Cas  mutants  that  disrupted  binding  between  the  two 
molecules  (Figure  1).  The  most  effective  binding  mutants  of  NSP3  were  conserved  in  BCAR3, 
as  expected  from  their  conserved  fold  and  similar  functions,  and  also  disrupted  BCAR3  binding 
to  pl30Cas  (Figure  1).  The  combination  of  precise  structural  information  and  extensive 


Planning  and  synthesis  of  mutants  for  E.  coli  expression  (month  12). 

Testing  of  E.coli  expressed  mutants  for  folding,  binding  (months  13-15). 

Synthesis  of  mutant  constructs  for  expression  in  breast  cancer  cell  lines  (months  15-16). 
Analysis  of  transfected 
cell  lines  for  anti- 
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Figure  1  -  Position  and  efficacy  of  BCAR3-pl30Cas  interface  mutants  relevant  to  Task  4. 
(A)  Structural  model  of  the  complex  between  the  C-terminal  domains  of  BC AR3  and 
pl30Cas.  The  positions  of  Arg748  and  Leu744  are  indicated.  (B)  Affinity  purification 
assay  of  recombinantly  expressed  His6-tagged  mutants  of  NSP3  (the  closest  homolog  of 
BCAR3)  to  test  binding  to  pl30Cas.  Leu623  (the  equivalent  of  BCAR3  Leu744)  is  the  most 
effective  mutant,  followed  by  Arg627  (equivalent  to  BCAR3  Arg748).  (C)  Co 
immunoprecipitations  assay  of  effective  BCAR3  interface  mutants  with  pl30Cas.  (based 
on  Ref(l)). 
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mutagenesis  allowed  us  to  address  several  pivotal  questions  about  the  function  of  BCAR3. 

A  report  published  during  201 1  proposed  that  anti-estrogen  resistance  and  migration  induced  by 
BCAR3  can  occur  independent  of  its  ability  to  bind  to  pl30Cas  (2).  However,  this  observation 
was  based  on  a  single  arginine  point  mutant  of  BCAR3.  Our  mutant  screen  showed  that  mutating 
the  equivalent  arginine  in  human  NSP3,  or  BCAR3,  reduces  but  does  not  completely  abrogate 
binding  to  pl30Cas  in  in  vitro  and  in  vivo  binding  assays  respectively  (Figure  1  and  data  not 
shown).  This  finding  is  in  accordance  with  the  structural  model  of  BCAR3  binding  to  pl30Cas 
shown  in  Figure  1  A.  Arg748  is  certainly  directly  involved  in  the  BCAR3-pl30Cas  interaction, 
but  is  also  partially  solvent  exposed.  We  thus  decided  to  combine  a  mutation  of  Arg748,  with 
another  very  effective  binding  mutant,  Leu744,  with  the  expectation  that  the  combination  of 
these  two  binding  mutants  would  more  effectively  disrupt  binding  between  BCAR3  and 
pl30Cas. 

In  order  to  assess  the  effectiveness  of  this  double-mutant  we  measured  it’s  ability  to  stabilize  and 
promote  phosphorylation  of  pl30Cas,  given  that  pl30Cas  phosphorylation  is  a  crucial  factor  in 
the  assembly  of  a  pl30Cas-CRK  signaling  complex  that  drives  invasion  through  Racl  ((3)  and 
Figure  6A  below).  Here  we  observed  that  the  single  mutant  R748E  indeed  was  still  able  to 
promote  stabilization  of  pl30Cas  and 
promote  tyrosine  phosphorylation.  However, 
the  L744/R748  double  mutant  completely 
lost  the  ability  to  stabilize  and  promote 
phosphorylation  of  pl30Cas,  which  had 
similar  phosphorylation  levels  to  that 
observed  in  the  vector  control.  These  results 
suggest  that  phosphorylation  of  pl30Cas  is  a 
more  sensitive  readout  for  pl30Cas  and 
BCAR3  association  than  simple  co- 
immunoprecipitation.  This  is  likely  because 
the  affinity  between  the  two  proteins  is 
extremely  tight  (Kd-30  nM  as  previously 
shown  in  Year  1  report  and  reference  1),  and 
the  single  mutant  reduces  the  binding  affinity 
somewhat  but  is  unable  to  stop  transient 
BCAR3-pl30Cas  interactions  that  promote 
Cas  phosphorylation. 


V  WT  'v  'v 


116- .  — 

p130Cas  (Long  Exp.) 

116- 

p130Cas  (Short  Exp. 

116- 

Phos-p130CasY410 

82- 

BCAR3 

- —  — - 

* 

Figure  2  -  BCAR3  stabilizes  pl30Cas  in  an  interaction- 
dependent  manner.  MCF-7  cells  were  stably  transduced  with 
empty  lentiviral  vector  (V),  BCAR3-WT  (WT),  BCAR3-R748E 
(748),  BCAR3-L744E/R748E  (744/748)  and  assessed  for 
pl30Cas  expression  and  phosphorylation  by  Western  blotting 
using  indicated  antibodies.  A  non-specific  band,  indicated  by 
an  asterisk,  verifies  equal  protein  loading. 
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Having  shown  that  a  double  interface  mutant  in  BCAR3  effectively  prevents  pl30Cas 
phosphorylation,  we  next  sought  to  test  the  downstream  consequences  for  migration  and  invasion 
of  cells  bearing  mutant  BCAR3.  To  this  end  we  measured  the  ability  of  BCAR3  to  induce 
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Figure  3  -  BCAR3-induced  lamellipodia  formation  and  pl30Cas  recruitment  to  ruffles  is  dependent  upon  complex  formation. 

MCF-7  cells  were  stably  transduced  with  empty  lentiviral  vector  (V),  BCAR3-WT  (WT),  BCAR3-R748E  (748),  BCAR3-L744E/R748E 
(744/748).  The  cells  were  plated  on  fibronectin-coated  coverslips  and  then  stained  with  phalloidin  to  label  filamentous  actin  (red,  upper 
panels).  The  graph  shows  the  percentage  of  ZsGreen-expressing  (middle  panels)  transfected  cells  that  contain  ruffles.  **Pb0.01  and 
***Pb0.001  for  the  comparison  with  vector  control  transfected  cells  by  one  way-ANOVA  followed  by  Dunnett's  multiple  comparison 
posthoc  test. 


lamellipodia  formation  and  BCAR1  recruitment  to 
cells  (Figure  3).  Cells  were  stably  transduced  with 
double  point  mutants  of  BCAR3,  and  an  empty 
vector  control.  The  cells  were  plated  on 
fibronectin-coated  coverslips  and  then  stained 
with  phalloidin  to  label  filamentous  actin  to 
indicate  cellular  migration.  Again,  it  was  clear 
that  the  L744/R748  mutant  of  BCAR3  is 
incapable  of  promoting  lamellipodia  formation, 
whereas  the  wild-type  and  R748E  forms  of 
BCAR3  were  able  to  promote  both  phenotypes. 

Given  that  our  double  BCAR3  mutant  does  not 
induce  pl30Cas  phosphorylation  or  cell 
migration,  relative  to  wild-type  or  a  single  point 
mutant,  we  have  tested  whether  this  most 
effective  BCAR3-pl30Cas  disruption  mutant  is 
also  able  to  abrogate  anti-estrogen  resistance 
induced  by  BCAR3.  For  this  experiment,  stably 
tranduced  MCF-7  cells  grown  in  media  with  or 
without  the  estrogen  receptor  antagonist 
ICI 182780,  a  high  affinity  estrogen  receptor 
antagonist  devoid  of  any  partial  agonism.  Cells 
growth  was  determined  over  a  period  of  33  days 
by  counting  manually  with  a  hemocytometer.  As 
seen  in  Figure  4,  cells  expressing  wild-type 
BCAR3  or  BCAR3  R748E  become  resistant  to 


membrane  ruffles  in  MCF-7  breast  cancer 
lentiviral  vectors  for  wild-type,  single  and 


0.0020  n 


(Doubling  time  untreated:  2.1  d) 


(5.5) 

*** 


0.0000 


Figure  4  -  BCAR3-mediated  anti-estrogen  resistance 
requires  complex  formation  with  pl30Cas. 

MCF-7  cells  stably  transduced  with  empty  lentiviral  vector 
(V),  BCAR3-WT  (WT),  BCAR3-R748E  (748),  BCAR3- 
L744E/R748E  (744/748)  were  plated  in  triplicate  and  grown 
in  media  with  or  without  ERa  antagonist  ICI  182,780  at  100 
pM.  Cells  growth  was  determined  over  a  period  of  33  days  by 
counting  manually  with  a  hemocytometer.  Relative  cell 
growth  (number  of  cells  treated  with  ICI/number  of  cells 
untreated)  and  standard  error  are  shown.  The  doubling  time  of 
the  different  cell  cultures  was  calculated  by  the  algorithm 
provided  by  http://www.doubling-time.com.  ***P<0.001  for 
the  comparison  with  vector  control  infected  cells  by  one  way- 
ANOVA. 
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antiestrogen  treatment,  and  have  a  doubling  time  of  approximately  5  days.  However,  cells 
expressing  the  completely  binding-deficient  BCAR3  double  mutant  are  as  sensitive  to 
antiestrogen  treatment  as  the  vector  only  control,  and  have  a  doubling  time  approximately  twice 
that  of  cells  expressing  wild-type  BCAR3. 


Task  5.  Characterization  ofBCAR3-pl30Cas  interactions  with  other  binding  partners  (months 
6-30): 


5a.  Further  analysis  of  pl30Cas 
binding  to  Src  kinase  in  relation  to 
BCAR3  (month  6-24). 

5b.  Binding  studies  with 
proteins  identified  by  mass 
spectrometry  (months  6-24). 

5c.  Crystallization  trials  with 
other  putative  binding  partners 
(months  12-30). 


We  progressed  to  testing 
interactions  between  pl30Cas  and 
Src  kinase  in  vitro,  in  order  to 
assess  the  effect  of  BCAR3  on 
this  interaction  and  Src  activity. 
As  shown  in  Figure  5,  preliminary 
results  did  not  show  a  stable 
interaction  between  the  Src 
binding  region  of  pl30Cas  and 
Src  kinase,  either  in  the  presence 
or  absence  of  the  BCAR3  C- 
terminal  domain  (Figure  5).  A 
likely  explanation  for  this  is  that 
pl30Cas  requires  phosphorylation 
on  Tyr664/666,  in  order  for  Src 
kinase  to  effectively  dock  its  SH2 
domain  to  this  site.  Tests  with  and 
without  ATP  demonstrate  that  Src 
is  not  able  to  carry  out  this 
phosphorylation,  at  least  in  the 
context  of  these  pl30Cas  and  Src 
kinase  constructs.  Tyr664/666 
phosphorylation  has  been 
proposed  to  be  carried  out  in  vivo 
by  focal-adhesion  kinase  (FAK) 
(4).  Strategies  were  investigated 


Standards 
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Figure  5  -  Recombinant  proteins  currently  at  hand  do  not  form  a  stable 
heterocomplex  between  pl30Cas,  BCAR3  and  Src  kinase.  (A)  Size-exclusion 
chromatography  showing  that  pl30Cas  (residues  454-870)  and  BCAR3  (502-825) 
form  a  stable  complex  (SDS-PAGE  below  shows  stoichiometric  BCAR3-pl30Cas 
complex  and  some  excess  BCAR3).  No  higher  order  oligomers  form  when  either 
(BCAR3,  pl30Cas  and  Src  are  incubated  together  (B),  of  pl30Cas  and  Src  are 
incubated  together  (C).  In  both  (B)  and  (C)  and  ATP  incubation  step  was  trialed  to 
promote  phosphorylation  of  Tyr  664/666  by  Src  kinase  and  enhance  affinity, 
however  this  did  not  cause  a  significant  change  in  the  elution  profile.  *It  should  be 
noted  that  pl30Cas  (residues  454-870)  and  Src  kinase  are  very  close  in  size  and 
cannot  be  distinguished  on  SDS-PAGE 
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to  prepare  FAK  on  a  suitable  scale  to  purify  preparative  quantities  of  pl30Cas  phospho- 
Tyr664/666.  However,  at  the  time  of  reporting  this  procedure  was  not  well  established. 

Another  line  of  research  that  was  explored  over  this  time  period  is  the  signaling  kinase  ERK2, 
which  lies  downstream  of  Src-kinase  (which  is  activated  by  pl30Cas)  (Figure  6).  This  signaling 
axis  represents  another  avenue  stemming  from  pl30Cas  that  could  promote  cell  survival  and 
poor  prognosis  in  breast  cancer,  separate  from  the  effects  of  pl30Cas/BCAR3  on  invasiveness 
demonstrated  in  Figure  4.  ERK2  kinase  activation  leads  to  cellular  transformation,  and 
inappropriate  ERK  stimulation  occurs  in  a  large  proportion  of  human  cancers.  We  sought  to 
understand  the  structural  basis  for  ERK2  suppression  by  PEA- 15,  given  that  PEA- 15  is 
correlated  with  hormone  receptor  status  (thus  response  to  anti-estrogen  therapy),  and  growth 
inhibition  in  breast  cancer  cells  (5).  Despite  it’s  central  signaling  role  in  a  broad  range  of  cancers, 
as  well  as  breast  cancer,  there  is  currently  no  published  structure  of  a  folded  protein  in  complex 
with  ERK2. 

The  scaffolding 
protein  PEA- 15 
is  a  death  effector 
domain  protein 
that  directly 
interacts  with 
ERK  1/2  and 
affects  ERK  1/2 
subcellular 
localization  and 
phosphorylation. 

To  understand 
this  regulation  of 
ERK1/2 

signaling,  we 
solved  the  crystal 

structures  of  PEA- 15  bound  to  three  different  ERK2  phospho-conformers.  The  structures  reveal 
that  PEA- 15  uses  a  bipartite  binding  mode,  occupying  two  key  docking  sites  of  ERK2  (Figure  6). 
Remarkably,  PEA- 15  concomitantly  binds  the  ERK  activation  loop  in  the  critical  Thr-X-Tyr 
region  across  different  phosphorylation  states.  PEA- 15  binding  triggers  an  extended  allosteric 
conduit  in  ERK2  that  disarms  the  dually  phosphorylated  kinase.  These  mechanisms  show  how 
PEA- 15  has  the  potential  to  block  both  transformation  and  proliferation  that  is  triggered  by 
ERK2  downstream  of  the  pl30Cas-BCAR3  signaling  pathway. 

In  the  months  since  the  Year  2  report,  a  manuscript  describing  the  ERK2-PEA-15  complex 
was  prepared  and  underwent  peer  review  (reference  6),  followed  by  significant  revision 
and  development  of  the  overall  message  that  is  depicted  in  Figure  7.  In  this  work  we 
showed  that  a  major  capability  of  PEA-15  is  to  decouple  the  phosphorylation  status  of 
ERK2  (which  is  widely  regarded  as  a  measure  of  proliferative  signaling  in  cancer  cells), 
from  its  actual  activity.  By  binding  to  the  phosphorylated  form  of  ERK2,  PEA-15  wild-type 
but  not  ERK  binding  mutants,  cause  an  accumulation  of  phospho-ERK2  (Figure  7a).  The 
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Figure  6  -  Suppression  of  the  proliferation  branch  of  signaling  downstream  of  pl30Cas-BCAR3.  (A) 

Schematic  illustrating  signaling  pathways  stemming  from  pl30Cas-BCAR3.  The  ERK  pathway  is  highlighted 
with  a  grey  box.  (B)  Structure  of  the  complex  between  ERK2  (orange)  and  PEA- 15  (blue). 
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fact  that  PEA-15  preserved 
ERK2  phosphorylation  when 
upstream  signaling  was 
blocked  using  MEK  inhibitors 
(Figure  7b)  strongly  suggested 
that  this  was  through 
preventing  phosphatases  from 
dephosphorylating  ERK2.  The 
overall  model  depicted  in 
Figure  7c  shows  how  this 
behaviour  means  that  PEA-15 
can  be  both  a  suppressor  of 
cancer  signaling,  but  also 
promote  tumor  growth  by 
increasing  levels  of 
phosphorylated  ERK2. 
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Figure  7  -  PEA-15  can  propogate  a  phosphorylated,  “spring  loaded”  form  of  ERK2 
by  protecting  it  from  dephosphorylation  (A)  ERK2  phosphorylation  status  was 
monitored  following  transfection  with  indicated  PEA- 15  constructs  and  serum 
stimulation  (B)  HEK293  cells  were  stimulated  with  serum  then  treated  with  U0126  to 
inhibit  MEK1,  the  upstream  kinase  of  ERK2.  Cells  expressing  PEA- 15  are  markedly 
protected  from  dephosphorylation.  (C)  Schematic  showing  the  possible  consequences  of 
high  PEA- 15  levels  in  a  cellular  setting. 


Methodological  details,  as  well 
as  detailed  structural  analysis 
and  discussion  is  included  in 

the  attached  manuscript  “Structure  of  ERK2  bound  to  PEA-15  reveals  a  mechanism  for 
rapid  release  of  activated  MAPK.  Mace  PD,  Walez  Y,  Egger  MF,  Dobaczewska  MK, 
Robinson  H,  Pasquale  EB,  Riedl  SJ  (2013)”. 


Task  6.  Concluding  Tasks  (months  24-36) 


6a.  Development  of  assays  for 

high-throughput  screening  (24— 
36) 

6b.  Manuscript  preparation 
(28-36) 

The  manuscript  describing  the 
structures  and  investigation  of 
the  ERK2-PEA-15  complex  was 
initially  submitted  for 
publication  at  the  time  of  Year  2 
reporting,  and  in  the  interim 
was  revised  and  additional 
experiments  added.  A 
manuscript  describing  further 
investigations  of  the  interplay 
between  NSP3,  BCAR3  and 
pl30Cas  is  currently  in 


Log  of  concentration  (uM) 

Figure  8  -  PM1  has  improved  activity  over  FR180204.  ADP-glo  assay  measuring 
ERK2  activity  in  the  presence  of  an  exisiting  ERK2  inhibitor  (FR1 80204),  or  the 
compound  developed  in  this  work  (PM1).  The  IC50  value  for  PM1  (1.8  pM)  is 
approximately  half  that  of  FR1 80204  (3.6  pM)  calculated  in  this  experiment. 
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preparation  and  will  be  submitted  at  a  later  date. 


The  unexpectedly  extensive  interaction  of  BCAR3  and  pl30Cas  makes  developing  screens 
for  compounds  to  disrupt  this  protein-protein  interaction  conceptually  difficult.  Instead, 
advances  have  been  made  developing  a  novel  class  of  compound  to  target  the  downstream 
signaling  target  of  pl30Cas,  ERK2.  This  compound  (PM1)  combines  features  of  a  moderate 
ERK2  targeted  compound  (FR180204),  with  features  observed  in  the  ERK2-PEA-15 
complex,  in  an  effort  to  enhance  the  selectivity  and  potency  of  the  existing  ERK2 
compound.  Preliminary  testing  of  PM1  showed  an  approximately  two-fold  improved 
efficacy  (Figure  8).  Although  this  improvement  is  modest  at  this  stage,  modifications  have 
been  planned  to  improve  this  compound  further,  and  will  be  an  ongoing  focus  in  the  Riedl 
and  Pasquale  Laboratories. 


15 


Key  Research  Accomplishments 

•  Crystal  growth  and  structure  solution  of  the  BCAR3  C-terminal  domain 

•  Comparison  of  the  BCAR3  C-terminal  domain  with  the  closely  related  protein  NSP3 
(Shepl)  bound  to  pl30Cas  shows  that  no  large  structural  rearrangement  occurs  upon 
pl30Cas  binding. 

•  Structural  analysis  revealing  that  BCAR3  and  NSP3  share  the  core  commonly  found  in 
Cdc25-homology  domain  GTPase-exchange  factors,  but  have  rearrangements  in  catalytic 
regions  leading  to  a  closed  arrangement. 

•  Thorough  biochemical  and  biophysical  analysis  of  potential  GTPase  exchange  factor 
activity  of  BCAR3,  showing  canonical  GTPase  activity  is  unlikely. 

•  Discovery  that  the  C-terminal  domain  of  pl30Cas  forms  a  four-helical  bundle  extremely 
similar  to  that  seen  in  the  focal-adhesion  targeting  (FAT)  domain  of  focal  adhesion 
kinase 

•  Extensive  mutagenesis  of  the  NSP3-pl30Cas  interface  showing  that  targeted  disruption 
of  the  NSP3-pl30Cas  interface  impairs  migration  towards  chemotactic  stimuli. 
Corresponding  mutants  of  BCAR3  also  disrupt  pl30Cas  binding. 

•  Establishment  of  expression  constructs  for  c-Src,  several  pl30Cas  truncation  constructs 
and  many  other  interacting  partners.  These  will  serve  as  useful  rearrangements  for 
investigations  of  downstream  signaling  interactions  and  events. 

•  Establishment  of  bona  fide  mutants  that  disrupt  association  between  BCAR3  and 
pl30Cas  despite  the  tight  nature  of  the  complex.  A  double  mutant  based  on  these 
experiments  has  proven  a  very  effective  tool  for  cell-based  experiments 

•  Clear  evidence  that  direct  association  is  required  for  pl30Cas  tyrosine-phosphorylation 
that  is  promoted  by  BCAR3. 

•  Evidence  that  physical  linkage  between  pl30Cas  and  BCAR3  is  needed  for  both 
invasion,  and  antiestrogen  resistance  induced  by  BCAR3. 

•  Completion  of  three  crystal  structures  of  the  ERK2-PEA-15  complex,  which  have  been 
submitted  to  the  Protein  Data  Bank  upon  acceptance  of  the  manuscript  described  above. 

•  Development  of  experiments  showing  that  PEA-15  can  propagate  a  pool  of  phosphorylated 
ERK2  by  directly  binding  to  the  ERK2  activation  loop,  preventing  dephosphorylation 

•  Preliminary  experiments  developing  a  specific  ERK2  inhibitor  based  on  features 
present  in  the  ERK2-PEA-15  structure. 

Reportable  Outcomes 


Submission  of  two  X-ray  crystal  structures  to  the  Protein  Data  Bank.  The  structures  of 
BCAR3,  and  the  complex  between  NSP3  and  pl30Cas  have  been  submitted  to  the  protein 
databank  with  accession  codes  3T6A  and  3T6G  respectively. 
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•  Accepted  publication  in  Nature  Structural  and  Molecular  Biology.  The  manuscript  “NSP- 
Cas  protein  structures  reveal  a  promiscuous  interaction  module  in  cell  signaling.  Mace 
PD,  Wallez  Y,  Dobaczewska  MK,  Lee  JJ,  Robinson  H,  Pasquale  EB,  Riedl  SJ.  (2011) 
Nature  Structural  &  Molecular  Biology.  18,  1381-7”  (Included  in  Appendix). 

•  Poster  Presentation,  Gordon  Conference  on  Mechanisms  of  Cell  Signaling,  ME,  USA 
(2011)  “Conformational  adaptation  enables  NSP-Cas  network  signaling” 

•  Oral  Presentation,  Pacific  Coast  Protease  Meeting,  CA,  USA  (2011)  “Exclusive 
Promiscuity  -  Structural  Studies  of  NSP-Cas  Signaling  Modules” 

•  Recipient  of  the  Eric  Dudl  Award  (2011).  This  scholarship  is  awarded  annually  to  one 
Postdoctoral  Fellow  at  Sanford-Burnham  Medical  Research  Institute  to  recognize 
significant  contributions  to  cancer  research. 

•  Accepted  publication  in  Genes  and  Cancer.  The  manuscript  “NSP-CAS  Protein 
Complexes:  Emerging  Signaling  Modules  in  Cancer.  Wallez  Y,  Mace  PD,  Pasquale  EB, 
Riedl  SJ.  (2012)  Genes  &  Cancer.  3,  382-93.”  (Included  in  Appendix). 

•  Oral  Presentation,  Post-Translational  Regulation  of  Cell  Signaling  Meeting,  Salk  Institute 
for  Biological  Studies,  La  Jolla,  CA,  USA  (2012) 

•  Oral  Presentation,  Pacific  Coast  Protease  Meeting,  CA,  USA  (2012) 

•  Oral  Presentation,  Sanford  Burnham  Medical  Research  Institute  Cancer  Center  Open 
House,  La  Jolla  CA,  USA  (2012) 

•  Awarded  a  Rutherford  Discovery  Fellowship  by  the  Royal  Society  of  New  Zealand. 
(2012),  to  be  initiated  in  mid-2013 

•  Submission  of  three  X-ray  crystal  structures  of  the  ERK2-PEA-15  complex  to  the 
Protein  Data  Bank,  with  accession  codes  4IZ5, 4IZ7  and  4IZA. 

•  Participation  in  the  Torrey  Pines  Mesa  Training  Consortium  Academic  Leadership 
Symposium  (2013). 

•  Attendance  at  the  American  Association  of  Cancer  Research  General  Meeting, 
Washington  DC  (2013) 

•  Accepted  publication  in  Nature  Communications.  The  manuscript  “Structure  of 
ERK2  bound  to  PEA-15  reveals  a  mechanism  for  rapid  release  of  activated  MAPK. 
Mace  PD,  Walez  Y,  Egger  MF,  Dobaczewska  MK,  Robinson  H,  Pasquale  EB,  Riedl 
SJ  (2013)  Nature  Communications.  4,  1681.”  has  been  published  (Included  in 
Appendix). 
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Conclusion 

The  crystal  structures  of  the  pl30Cas  interaction  domain  of  NSP  family  proteins,  BCAR3  and 
NSP3,  in  their  unbound  form  and  in  complex  with  the  C-terminal  domain  of  pl30Cas  allowed  us 
to  design  mutants  that  selectively  target  BCAR3-pl30Cas  signaling.  Experiments  based  on  these 
structurally-informed  mutants  reveal  that  the  ability  of  BCAR3  to  induce  Cas-phosphorylation, 
invasion,  and  anti-estrogen  resistance  is  highly  dependent  on  its  ability  to  form  a  stable  complex 
with  pl30Cas.  This  work  provides  a  precise  structural  understanding  for  future  work  exploring 
the  role  of  BCAR3  and  pl30Cas  in  breast  cancer,  and  has  facilitated  clear  experiments  showing 
the  role  of  this  signaling  node  in  anti-estrogen  resistance.  Our  experiments  suggest  that  the 
physical  linkage  between  BCAR3  and  pl30Cas,  rather  than  a  previously  proposed  enzymatic 
function  is  key  to  their  co-operative  pathology  in  breast  cancer,  which  is  a  fundamental  change  in 
how  these  proteins  should  be  investigated  and  could  potentially  be  targeted  for  disease  therapy. 

We  also  further  investigated  interactions  of  these  proteins  with  signaling  partners  such  as  Src 
kinase,  and  downstream  signaling  partners.  With  regard  to  the  latter  we  have  solved  structures  of 
PEA- 15  (a  suppressor  of  proliferative  signaling)  with  ERK  kinase,  a  central  proliferative  kinase 
that  lies  downstream  of  pl30Cas-based  signaling  pathways.  This  structure  has  wide  implications 
for  the  regulation  of  ERK2  signaling,  and  in  the  future  will  be  used  to  develop  novel  compounds 
to  inhibit  ERK  signaling. 
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ERK1/2  kinases  are  the  principal  effectors  of  a  central  signalling  cascade  that  converts 
extracellular  stimuli  into  cell  proliferation  and  migration  responses  and,  when  deregulated, 
can  promote  cell  oncogenic  transformation.  The  scaffolding  protein  PEA-15  is  a  death  effector 
domain  protein  that  directly  interacts  with  ERK1/2  and  affects  ERK1/2  subcellular  localization 
and  phosphorylation.  Here,  to  understand  this  ERK1/2  signalling  complex,  we  have  solved  the 
crystal  structures  of  PEA-15  bound  to  three  different  ERK2  phospho-conformers.  The  struc¬ 
tures  reveal  that  PEA-15  uses  a  bipartite  binding  mode,  occupying  two  key  docking  sites 
of  ERK2.  Remarkably,  PEA-15  can  efficiently  bind  the  ERK2  activation  loop  in  the  critical 
Thr-X-Tyr  region  in  different  phosphorylation  states.  PEA-15  binding  triggers  an  extended 
allosteric  conduit  in  dually  phosphorylated  ERK2,  disrupting  key  features  of  active  ERK2.  At 
the  same  time  PEA-15  binding  protects  ERK2  from  dephosphorylation,  thus  setting  the  stage 
for  immediate  ERK  activity  upon  its  release  from  the  PEA-15  inhibitory  complex. 
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The  RAS-RAF-MEK-ERK  signalling  axis  represents  a  core 
regulatory  cascade  governing  the  fundamental  cellular 
processes  of  cell  proliferation,  migration  and  invasion1-3. 
Components  of  this  pathway,  particularly  the  RAS  small  GTPase 
and  the  RAF  serine/threonine  kinase,  are  among  the  most 
frequently  mutated  genes  in  human  cancer  and  also  represent  key 
targets  for  cancer  therapy4.  Binding  of  GTP -loaded  RAS  family 
GTPases5  activates  RAF,  which  phosphorylates  and  activates  the 
dual  specificity  mitogen -activated  protein  (MAP)  kinase  kinase, 
MEK1.  In  turn,  MEK1  activates  ERK  (extracellular  signal- 
regulated  kinase)  1/2  through  dual  phosphorylation  of  a  critical 
Thr-X-Tyr  motif  in  the  ERK  activation  loop.  This  cascade  is 
further  controlled  by  scaffolding  proteins  such  as  Kinase 
Suppressor  of  Ras  (KSR),  which  recruits  multiple  components 
of  the  pathway  to  facilitate  efficient  signal  transduction 
culminating  in  ERK  1/2  activation2,6.  Activated  ERK  1/2 
phosphorylate  cytosolic  substrates  but  also  translocate  to  the 
nucleus,  where  they  phosphorylate  an  array  of  critical  targets  to 
promote  proliferation  and  differentiation7,8.  While  the  RAS- 
RAF-MEK  cascade  represents  the  main  ERK  1/2  upstream 
regulatory  cascade,  control  of  ERK  1/2  function  can  also  occur 
at  the  level  of  the  kinase  itself2. 

PEA- 15  (15kDa  phosphoprotein  enriched  in  astrocytes)  is  a 
widely  expressed  protein  that  efficiently  regulates  ERK1/2  despite 
consisting  of  only  a  death  effector  domain  (DED)  and  a  short 
carboxy-terminal  tail.  By  directly  binding  ERK1/2,  PEA- 15  is 
capable  of  inhibiting  ERK  1/2  activity  and  preventing  their 
translocation  to  the  nucleus,  therefore,  regulating  the  two  most 
pivotal  aspects  of  ERK  signalling  9-12.  The  designation  of  PEA- 15 
as  an  ERK  inhibitor  is  based  on  multiple  studies  showing  that 
PEA- 15  inhibits  the  classical  outcomes  of  ERK  signalling.  For 
example,  in  neuroblastomas,  PEA- 15  impairs  cell  migration13, 
and  in  astrocytic  tumours  inversely  correlates  with  tumour 
malignancy14.  Binding  of  PEA- 15  to  ERK  has  also  been  reported 
to  impair  tumour  cell  invasion  and  to  contribute  to  Ras  induced 
cell  senescence15,16.  Additionally,  PEA- 15  can  directly  inhibit 
ERK-mediated  phosphorylation  of  the  classical  ERK1/2  substrates 
ELK-1  and  ETS-1  in  in  vitro  assays17. 

However,  recent  studies  reporting  oncogenic  functions  of  PEA- 
15  hint  at  a  regulatory  role  rather  than  a  solely  inhibitory  impact 
on  ERK  1/2  signalling.  These  oncogenic  functions  of  PEA- 15 
include  potentiating  H- Ras -mediated  epithelial  cell  transforma¬ 
tion  and  protecting  glioblastoma  cells  from  glucose  deprivation- 
induced  cell  death18,19.  Thus,  PEA- 15  appears  to  efficiently 
suppress  ERK  1/2  function,  but  in  certain  settings  can  also 
function  to  promote  tumour  growth. 

Here  we  present  three  structures  of  PEA- 15  bound  to  different 
phosphorylated  states  of  ERK2,  which  provide  the  first  structural 
insight  into  an  ERK2  regulator  complex.  Our  study  reveals  how 
PEA- 15  has  evolved  to  act  as  an  ERK1/2  repressor  that,  in  its 
inhibitory  complex  with  the  kinase,  induces  an  accumulation  of 
phosphorylated  ERK  and  thus  sets  the  stage  for  ERK  pathway 
activation.  PEA- 15  targets  the  two  main  ERK-docking  sites,  using 
a  ‘minimal’  D -peptide-docking  site  interaction  and  a  ‘regulatory’ 
DEF-docking  site  interaction.  The  structures  also  show  that  as  part 
of  the  regulatory  DEF-docking  site  interaction,  PEA- 15  directly 
binds  the  ERK  activation  loop,  which  is  accompanied  by  an 
extended  network  of  allosteric  changes.  Altogether,  the  molecular 
mechanism  of  the  ERK-PEA-15  interaction  transforms  the  view 
of  PEA- 15  from  a  mere  ERK1/2  inhibitor  to  a  sophisticated  ERK1/ 
2  regulator  and  reveals  a  plethora  of  ERK2  regulatory  elements. 

Results 

Structure  of  the  PEA-15-ERK2  complex.  To  obtain  insight  into 
the  mechanism  underlying  ERK1/2  regulation  by  PEA- 15,  we 
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sought  to  obtain  the  crystal  structure  of  the  PEA-15-ERK  com¬ 
plex  by  using  several  combinations  of  full-length  PEA- 15  with 
different  activation  states  and  phosphomimetic  mutants  of  ERK2 
in  crystallization  trials.  After  testing  these  in  a  broad  array  of 
crystallization  screens,  we  succeeded  in  crystallizing  an  activation 
loop  phosphomimetic  (T185E)  mutant  of  ERK2  (residues  8-360) 
in  complex  with  full-length  PEA- 15  and  solved  the  structure  of 
the  complex  at  a  resolution  of  3.2  A  (Fig.  la,  Table  1).  In  the 
structure,  the  crystallographic  asymmetric  unit  shows  a  subar¬ 
rangement  of  two  ERK2  molecules  bound  to  two  molecules  of 
PEA- 15  (Supplementary  Fig.  SI  a).  In  the  most  completely  defined 
subarrangement,  electron  density  was  observed  for  PEA- 15  resi¬ 
dues  1-30  and  37-86  (defining  the  DED),  and  residues  122-127 
(defining  the  PEA- 15  C-terminal  interaction  segment).  Residues 
31-36  of  the  DED  and  the  linker  region  (87-121)  connecting  the 
C-terminal  interaction  segment  with  the  PEA- 15  DED  lacked 
electron  density  and  were  not  included  in  the  model.  ERK2 
electron  density  was  observed  for  residues  9-357,  with  an  ade¬ 
nosine  diphosphate  (ADP)  nucleotide  occupying  the  nucleotide¬ 
binding  site  of  the  kinase.  To  identify  the  biologically  relevant 
assembly,  we  examined  the  complex  in  solution  using  analytical 
ultracentrifugation  and  size- exclusion  chromatography 
(Supplementary  Fig.  Slb,c).  This  revealed  an  assembly  consistent 
with  one  ERK2  molecule  bound  to  one  PEA- 15  molecule  in 
solution.  Thus,  we  inferred  that  an  arrangement  consisting  of  an 
ERK2  molecule  in  complex  with  the  PEA- 15  DED  and  C-term¬ 
inal  segment  as  depicted  in  Fig.  la  constitutes  the  PEA-15-ERK2 
complex. 

PEA- 15  occupies  key  ERK2-docking  sites  in  a  bipartite 
manner.  The  complex  structure  reveals  that  PEA- 15  employs  a 
bipartite  binding  mode  involving  both  its  DED  and  the  segment 
within  its  C-terminus  to  interact  with  ERK2  (Fig.  lb),  which  is  in 
line  with  earlier  biochemical  analysis  of  the  ERK2-PEA-15 
interaction11,17.  Generally,  bipartite  binding  enhances  the  affinity 
of  individually  weaker  interactions  and  allows  for  greater  binding 
specificity.  Beyond  the  advantages  inherent  to  bipartite  binding, 
PEA- 15  applies  this  mode  of  binding  to  occupy  two  key  docking 
sites  on  ERK2,  namely  the  D -peptide-binding  site  and  the  DEF 
interaction  site  (Fig.  lb)  (ref.  20). 

The  ERK2  D -peptide-binding  site  is  targeted  by  proteins  that 
contain  a  distinctive  D -motif  (also  termed  DEJL/docking  site  for 
ERK  and  JNK,  LXL  or  KIM/kinase  interaction  motif)20.  These 
proteins  include  substrates,  but  also  upstream  kinases,  scaffolding 
proteins  and  phosphatases21.  The  D-peptide-binding  site  is 
the  only  binding  site  on  ERK2  that  has  been  structurally 
characterized  at  high  resolution  before  this  study,  with  five 
structures  now  available  of  peptide  fragments  from  ERK2 
partners  bound  to  the  ERK2  D-peptide-binding  site22-25. 

The  other  site  on  ERK  1/2  that  is  targeted  by  PEA- 15  is  known 
as  the  DEF-docking  site  (docking  site  for  ERK,  FxF),  due  to  its 
characteristic  ability  to  bind  proteins  that  contain  a  consensus 
motif  with  two  phenylalanine  residues  separated  by  one  amino 
acid  (FxF)26.  This  docking  site  is  key  to  ERKl/2’s  interaction  with 
substrates  and  scaffold  proteins,  as  well  as  components  of  the 
nuclear  transport  machinery  that  are  crucial  for  ERK  1/2  nuclear 
translocation.  Thus,  utilizing  a  bipartite  binding  mode  that 
engages  both  sites  (Fig.  lb)  enables  PEA- 15  to  inhibit  ERK1/2 
function  and  explains  its  general  capacity  to  inhibit  ERK 
enzymatic  activity  (Supplementary  Fig.  S2a)17,  as  well  as  its 
tumour  suppressor  role43-16. 

PEA- 15  uses  a  minimal  inverted  D -peptide  binding 
mode.  Closer  examination  of  the  interaction  between  the 
C-terminal  segment  of  PEA- 15  (residues  122-127)  and  the 
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Figure  1  |  PEA-15  interacts  with  ERK2  using  a  bipartite  binding  mode,  (a)  Structure  of  the  PEA-15-ERK2  complex.  Shown  is  the  structure  of  ERK2 
(orange)  with  bound  ADP  (yellow)  and  the  DED  and  C-terminal  segment  of  PEA-15  in  blue  (regions  not  defined  by  electron  density  are  schematically 
indicated  by  dotted  lines;  N  and  C  termini  of  the  DED  and  C-terminal  segment  are  indicated),  (b)  Cartoon  illustration  of  the  PEA-15-ERK2  complex.  PEA-15 
utilizes  a  bipartite  binding  mode  to  occupy  the  two  main  regulatory  sites  of  ERK2.  The  DED  of  PEA-15  (blue)  occupies  the  ERK2  DEF-docking  region  (red), 
while  the  C-terminal  segment  of  PEA-15  occupies  the  D-peptide-binding  site,  (c)  Detailed  view  of  the  PEA-15  C-terminal  segment  (residues  122-127;  blue 
sticks)  binding  to  the  D-peptide-binding  site  on  ERK2  (orange).  Interface  sidechains  and  secondary  structural  elements  are  labelled,  (d)  The  PEA-15 
C-terminal  segment  binds  ERK2  (top)  in  a  manner  similar  to  the  binding  of  the  scaffold  protein  Ste5  to  the  yeast  MAP  kinase  Fus3  (bottom;  residues 
306-314,  PDB:  2f49).  (e)  Conservation  between  PEA-15,  Ste5  and  MNK1.  Schematic  illustration  of  binding  modes  (see  also  Supplementary  Figs  S2  and  S3). 
Displayed  are  the  respective  D-peptide  sequences  with  residues  occupying  the  <I>A  and  <J>B  sites  annotated.  Relative  directionality  and  key  interaction 
residues  are  depicted  in  comparison  with  the  canonical  D-peptide  binding  mode. 


D-peptide-binding  site  of  ERK2  (Fig.  lc,  Supplementary  Fig.  S2b,c) 
shows  that  this  segment  of  PEA- 15  adopts  an  extended  con¬ 
formation,  occupying  the  groove  between  helices  aD  and  aE  and 
the  |37-|38  turn  on  the  C-terminal  lobe  of  ERK2.  Comparison  with 
the  crystal  structures  of  peptides  from  deleted  in  colorectal  cancer 
(DCC),  MAP  kinase  phosphatase  and  hematopoietic  tyrosine 
phosphatase  bound  to  ERK2  shows  that  PEA- 15  occupies  this  site 
in  a  non-canonical  manner  (Supplementary  Fig.  S3).  Intriguingly, 
PEA- 15  utilizes  a  minimal  D-peptide  interaction  consensus  motif 
(see  also  below)  that  binds  in  the  opposite  direction  to  that 
observed  in  the  above  structures17,21.  In  detail,  the  Oa  pocket  on 
the  ERK2  D-peptide-binding  site  is  occupied  by  Prol26  of  PEA-15, 
with  Pro  127  extending  the  hydrophobic  interaction  by  packing 
against  Tyrl28  and  Tyr316  at  the  edge  of  the  pocket.  The  <EB 
pocket  created  by  ERK2  residues  Leul  15,  Leul21  and  Phel29  is 
filled  by  Leul23  of  PEA- 15  (Fig.  lc).  Analysis  over  a  wider  array  of 
MAP  kinase-D -peptide  complexes  shows  that  the  PEA- 15 
C-terminal  segment  is  almost  identical  to  the  binding-motif  used 
by  the  yeast  scaffold  protein  Ste5  to  regulate  its  target  kinase  Fus3 
(Fig.  ld,e)27.  Very  recently,  the  structures  of  MNK1  and  RSK1 
D -peptides  have  been  solved  in  complex  with  ERK2  and  also 
exhibit  a  reverse  D-peptide  binding  mode25  (Fig.  le; 


Supplementary  Fig.  S2d).  Intriguingly,  the  MNK1  D-peptide 
shows  remarkable  similarity  in  the  backbone  conformation  of 
residues  435-439  when  compared  with  the  PEA- 15  C-terminal 
segment.  However,  the  MNK1  peptide  interaction  also  includes  an 
extended  helical-binding  element  (MNK1  residues  439-450), 
(Supplementary  Fig.  S2d),  which  buries  an  additional  380  A2  of 
interaction  surface,  resulting  in  a  tight  interaction  with  a 
dissociation  constant  of  700  nM  (ref.  25).  In  contrast,  the  much 
smaller  PEA- 15  ERK  D-peptide-binding  interaction  is  rather  weak, 
with  a  dissociation  constant  of  18  pM  (Supplementary  Fig.  S2e). 
Thus,  PEA- 15  utilizes  a  minimal  inverse  D-peptide  that  blocks  the 
hydrophobic  portion  of  the  D-peptide-binding  site  with  moderate 
affinity,  consistent  with  regulatory  rather  than  constitutive 
inhibition  of  ERK2.  In  line  with  this,  mutation  of  L123K  in  the 
C-terminal  segment  of  PEA- 15  substantially  weakens  the  binding 
to  ERK2  (Fig.  2d),  and  results  in  the  failure  of  the  PEA- 15  L123K 
mutant  to  prevent  ERK  nuclear  translocation  (Fig.  2e).  Taken 
together,  the  minimal  reverse  D-peptide  binding  of  PEA- 15 
demonstrates  the  structural  adaptability  of  the  D -peptide-docking 
site  and  raises  the  possibility  that  other  ERKl/2-binding  partners 
employ  this  mode  of  binding,  which  may  be  a  hallmark  of 
moderate  affinity  regulatory  interactions  with  this  site. 
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Table  1  |  Data  collection  and  refinement  statistics. 

ERK2(T185E)- 

ERK2-PEA- 

Phospho-ERK2- 

PEA-15  FL 

15  (1-96) 

PEA-15  (1-96) 

Data  collection 

Space  group 

Cell  dimensions 

P2i 

P  2n  2n  2 

P  2n  2n  2 

a,  b,  c  (A) 

80.80,  149.13, 

73.48, 

73.76,  204.02, 

98.87 

205.33, 

61.13 

57.75 

a,  p,  y  (°) 

90.00,  90.41, 

90,  90,  90 

90,  90,  90 

90.00 

Wavelength 

1.075 

1.075 

1.075 

Resolution  (A) 

29.8-3.19 

29.7-1.8 

29.72-1.93 

Emerge 

0.079  (0.345) 

0.08  (0.772) 

0.082  (0.421) 

l/al 

21.4  (5.3) 

24.8  (3.8) 

21.4  (4.8) 

Completeness  (%) 

98.6  (91.7) 

99.1  (96.5) 

99.8  (98.8) 

Redundancy 

6.0  (5.7) 

14.4  (14.4) 

12.6  (9.3) 

Refinement 

Resolution  (A) 

29.8-3.19 

29.7-1.8 

29.72-1.93 

No.  of  reflections 

36,572 

77,047 

66,545 

^work/^free 

No.  of  atoms 

0.243/0.292 

0.187/0.222 

0.199/0.243 

Protein 

14,061 

6,276 

6,280 

Ligand/ion 

188 

1 

- 

Water 

8-factors 

- 

649 

633 

Protein 

41.9 

22.92 

25.63 

Ligand/ion 

63.4 

27.2 

- 

Water 

- 

33.67 

32.01 

Root  mean  squared  deviations 

Bond  lengths  (A) 

0.068 

0.096 

0.015 

Bond  angles  (°) 

1.0724 

1.362 

1.319 

The  DED  of  PEA- 15  occupies  the  ERK2  DEF-docking  site. 

PEA- 15  utilizes  its  DED  to  bind  the  ERK2  DEF-docking  site26,28, 
and  our  structure  provides  the  first  high -resolution  structural 
insight  into  an  ERK2-DEF  site  interaction  (Fig.  2a).  It  is  also  the 
first  structural  view  of  the  interaction  of  a  death  domain  protein 
with  a  kinase.  The  PEA-15-ERK2  structure  shows  that  the  DED 
of  PEA- 15  utilizes  helices  oc5  and  a6  and  the  linker  between  the 
two  helices  to  bind  ERK2  residues  residing  in  helices  aG  and  ocEF 
(Fig.  2a).  This  interaction  network  is  supported  by  ERK2  residues 
from  the  first  helix  of  the  MAP  kinase  insert,  which  is 
characteristic  of  MAP  kinases  (Fig.  2a).  In  detail,  the  DEF- 
docking  site  interaction  surface  utilized  by  PEA- 15  is  generated 
by  ERK2  Tyr233  and  Leu234  and  the  DEF-docking  site  region 
proper,  as  well  as  the  stem  of  Lys259,  Ala260  and  Tyr263  from 
the  MAP  kinase  insert,  which  together  form  a  hydrophobic 
surface  to  accommodate  Pro73,  Leu76  and  Val80  of  PEA-15.  This 
patch  is  completed  by  polar  interactions  between  residues  Asp  19, 
Glu68  and  particularly  Arg71  (see  also  Fig.  3)  from  PEA- 15  and 
Argl91,  Tyr205,  Asn257  and  Lys259  from  ERK2  (Fig.  2b).  The 
DEF  docking  interaction  is  crucial  for  PEA- 15  function,  including 
its  ability  to  sequester  ERK1/2  and  prevent  its  translocation  to  the 
nucleus29-31.  Accordingly,  the  mutation  of  PEA- 15  Arg71  at  the 
centre  of  the  interface  abrogates  cytoplasmic  retention  of  ERK2 
by  PEA- 15  (Fig.  2d, e) 10,1  x. 


PEA- 15  DED  RXDL  motif  serves  to  position  binding  residues. 

The  PEA-15-ERK2  structure  also  shows  that  the  DEF-docking 
site  interaction  does  not  directly  involve  residues  Arg72,  Asp 74  or 
Leu75,  which  constitute  the  so  called  RXDL  motif  of  the  PEA- 15 


DED.  Generally,  the  RXDL  motif  is  a  hallmark  of  DED  proteins 
and  is  conserved  among  members  of  this  family.  The  function  of 
this  motif  has  remained  unclear,  although  it  has  been  proposed  to 
have  a  role  in  the  interaction  with  binding  partners32. 
Surprisingly,  PEA- 15  residues  Glu68,  Arg71  and  Leu76,  which 
are  key  for  the  interaction  with  ERK2,  are  not  part  of  the  RXDL 
motif  but  reside  directly  beside  the  residues  constituting  the  motif 
(Fig.  2c).  Instead,  Arg72,  Pro73,  Asp74,  Leu75  (RXDL)  partake  in 
interactions  within  the  DED  of  PEA- 15,  thus  reinforcing  the  local 
structure  of  the  domain.  Hence,  the  role  of  the  RXDL  motif  lies 
not  in  binding  but  in  stabilization  of  the  a5-loop-oc6  region,  thus 
properly  positioning  the  critical  binding  residues  of  PEA- 15 
(Fig.  2c). 

The  PEA- 15  DED  directly  binds  the  ERK2  activation  loop. 

An  unexpected  aspect  of  PEA- 15  interaction  with  the  ERK2-DEF 
site  is  that  the  ERK2  activation  loop  directly  participates  in  the 
binding  interface.  This  is  surprising,  given  that  kinase  activation 
loops  are  commonly  characterized  by  a  large  degree  of  plasti¬ 
city33-35,  which  could  potentially  make  them  a  destabilizing 
factor  in  binding  interactions.  However,  the  structure  reveals  that 
in  the  PEA-15-ERK2  complex  the  region  around  the  Glul85  of 
the  activation  loop  is  ‘captured’  by  a  binding  pocket  created  by 
residues  from  both  PEA- 15  and  ERK2  (Fig.  3a).  As  outlined 
above,  Glul85  was  used  as  phosphomimetic  for  pThrl85  of  the 
ERK2  Thr-X-Tyr  motif.  The  PEA-15-ERK2  composite  pocket 
captures  the  Glul85  phosphomimetic  utilizing  an  arginine  stretch 
that  includes  ERK2  residues  Argl91,  Argl94  and  particularly 
Arg71  from  PEA- 15,  which  is  the  most  central  residue  of  this 
interaction  (Fig.  3a).  As  a  consequence  of  this  capture,  the 
activation  loop  adopts  a  helical  conformation  and  is  fully  defined 
in  the  PEA-15-ERK2  complex  (Fig.  3a).  This  mechanism  explains 
how  PEA- 15  is  able  to  engage  a  threonine-phosphorylated  ERK2 
activation  loop.  Yet,  PEA- 15  exhibits  similar  binding  affinities  for 
all  phosphorylation  states  of  ERK2  (Supplementary  Fig.  S4), 
raising  the  question  of  how  PEA- 15  interacts  with  the 
unphosphorylated  and  dually  phosphosphorylated  ERK2  kinase. 

PEA- 15  captures  the  activation  loop  in  two  distinct  modes.  To 

answer  this  question  we  solved  the  structures  of  the  PEA- 15  DED 
(residues  1-96)  bound  to  unphosphorylated  and  dually  phos- 
phorylated  ERK2  at  resolutions  of  1.8  and  1.9  A,  respectively 
(Supplementary  Figs  S5a,b  and  S6).  These  structures  show  a 
similar  overall  interaction  by  the  PEA- 15  DED  (Supplementary 
Fig.  S5c,d),  but  importantly  reveal  how  PEA- 15  is  able  to  avidly 
bind  ERK2  regardless  of  its  phosphorylation  status  by  using  two 
distinct  binding  modes  to  capture  the  activation  loop. 

The  structure  of  PEA- 15  in  complex  with  the  unpho¬ 
sphorylated  ERK2  shows  that  the  composite  pocket  formed  by 
PEA- 15  and  the  DEF-docking  site  of  ERK2  is  able  to  also  bind  the 
unphosphorylated  activation  loop,  but  by  interacting  with  Tyrl87 
from  the  Thr-X-Tyr  motif  (Fig.  3b).  The  binding  of  Tyrl87  is 
accompanied  by  a  register  shift  of  two  amino  acids  within  the 
activation  loop,  compared  with  the  binding  of  the  phosphomi¬ 
metic  Glul85.  As  a  consequence,  the  activation  loop  following 
Thrl85  adopts  an  extended  rather  than  helical  conformation  in 
this  binding  mode  (mode  1)  and  the  N-terminal  portion  of  the 
activation  loop  (residues  179-184)  is  partially  disordered.  Fur¬ 
thermore,  Arg71  of  PEA- 15  now  undergoes  a  stacking  interaction 
with  the  aromatic  side  chain  of  Tyrl87  to  anchor  the  activation 
loop  (Fig.  3b,  right  panel). 

The  structure  of  dually  phosphorylated  ERK2  in  complex  with 
PEA- 15  demonstrates  mode  2  of  activation  loop  binding,  which  is 
highly  similar  to  that  observed  in  the  structure  of  PEA- 15  in 
complex  with  the  phosphomimetic  Glul85  mutant.  The 
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Figure  2  |  The  PEA-15  DED  interacts  with  the  ERK2  DEF-docking  site,  (a)  PEA-15  DED  (worm  representation)  binding  to  ERK2  (surface).  The  PEA-15 
DED  is  rendered  in  grey  with  interacting  helices  a5-a6  coloured  blue,  while  binding  residues  of  ERK2  residing  in  the  DEF-binding  region  and  the  MAP  kinase 
insert  are  coloured  orange  and  green,  respectively,  (b)  Detailed  view  of  the  PEA-15-DEF-binding-site  interaction  (PEA-15  residues  are  depicted  in  blue, 
ERK2  DEF-binding  site  and  MAP  kinase  insert  residues  are  rendered  orange  and  green,  respectively),  (c)  The  DED  RXDL  motif  is  not  involved  in  binding. 
The  PEA-15  DED  (blue  ribbon)  is  depicted  with  Arg72,  Asp74  and  Leu75  of  the  RXDL  motif  displayed  as  grey  spheres  (detailed  view  shown  in  stick 
representation  above).  The  RXDL  residues  do  not  participate  in  the  interaction  with  ERK2  but  function  to  stabilize  the  neighbouring  residues  Glu68,  Arg71 
and  Pro73  (magenta),  which  do  interact  with  ERK2.  (d)  Mutational  analysis  of  PEA-15  residues  involved  in  ERK2  binding.  Recombinantly  expressed  and 
purified  His6-tagged  PEA-15  proteins  were  incubated  with  untagged  ERK2  and  captured  on  Ni-NTA  resin,  which  after  wash  steps  was  subjected  to  SDS- 
PAGE.  Protein  bands  were  visualized  with  Coomassie  blue,  (e)  Effect  of  PEA-15  WT and  mutants  deficient  in  ERK2  binding  on  nuclear  translocation  of  ERK2. 
NIH3T3  cells  expressing  WT  and  mutant  EGFP-PEA-15  (pseudocoloured  in  red)  were  immunolabelled  for  ERK1/2  (pseudocoloured  in  green).  A 
representative  scale  bar  of  10  pm  is  displayed  below.  PEA-15  is  always  located  in  the  cytosol.  In  serum-starved  cells,  ERK2  is  retained  in  the  cytosol  in  the 
presence  of  PEA-15  WT  and  to  a  lesser  extent  in  the  presence  of  the  mutant  PEA-15.  In  serum-stimulated  cells,  strong  nuclear  translocation  of  ERK2  can  be 
observed  in  the  presence  of  the  R71E  and  L123K  PEA-15  mutants  compared  with  PEA-15  WT. 


activation  loop  adopts  the  same  helical  conformation,  with  the 
phosphate  moiety  of  pThrl85  binding  to  the  composite  pocket 
formed  by  ERK2  and  PEA- 15  (Fig.  3c). 

PEA- 15  binding  reveals  extended  allosteric  conduit  in  ERK2. 

Comparison  of  dually  phosphorylated  ERK2  in  its  unbound-  and 
PEA- 15-bound  forms33  also  reveals  that  the  binding  of  the  PEA- 
15  DED  triggers  a  network  of  allosteric  changes  in  ERK2.  Firstly, 
PEA- 15  counteracts  the  interaction  of  the  two  phosphate  groups 
of  pThrl85  and  pTyrl87  with  their  binding  pockets  in  ERK2 
(Fig.  4a),  which  leads  to  the  rearrangement  of  the  activation  loop 
described  above.  This  modification  in  turn  leads  to  an  extended 
network  of  short-  and  long-range  allosteric  rearrangements  in  the 
kinase  (Fig.  4a,  Supplementary  Movie).  In  detail,  Glu68  of  PEA- 
15  displaces  Tyr233  towards  the  ocEF  helix  and  dislodges  pTyrl87 
from  its  pocket  on  ERK2.  In  parallel,  Arg71  of  PEA- 15  directly 


sequesters  pThrl85,  as  well  as  Tyr205,  which  flips  away  from  its 
previous  location  lining  the  pThrl85  pocket  in  ERK2  (Fig.  4a, 
Supplementary  Fig.  S7). 

The  activation  loop  rearrangement  is  accompanied  by  several 
conformational  adjustments  of  key  functional  elements  of 
the  kinase,  such  as  the  Glycine-rich  loop  and  C-helix  (see 
Supplementary  Movie  1).  In  parallel,  a  large  exposed  hydrophobic 
patch  distal  from  the  catalytic  center  of  the  kinase  (formed 
by  residues  Phel83,  Phe331  and  Leu335)  becomes  buried  upon 
PEA- 15  binding  (Fig.  4).  These  rearrangements  reveal  an 
interconnected  conformational  conduit  that  is  linked  to  the 
PEA-15-ERK2  DEF-binding  site  interaction  and  may  also  be 
utilized  by  other  binding  partners  for  ERK  regulation.  The 
conduit  spans  from  the  nucleotide-binding  region  of  ERK2 
through  the  central  groove  to  the  outlined  hydrophobic  patch, 
which  has  been  speculated  to  mediate  ERK2  dimerization  events 
and  other  protein  interactions36-38. 
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Figure  3  |  PEA-15  binds  the  ERK2  activation  loop  in  two  distinct  modes,  (a)  PEA-15  binding  to  ERK2(T185E).  Left:  Close-up  of  the  PEA-15-ERK2 
composite  surface  pocket  (orange/blue)  accepting  Glu185  and  the  activation  loop  in  a  helical  conformation  (yellow).  Middle:  Schematic  of  the  activation 
loop  showing  Tyr187  and  Glu185  and  the  activation  loop  conformation  in  relation  to  the  composite  pocket.  Right:  Detailed  view  of  interactions  surrounding 
Glu185  (ERK2  residues  coloured  orange  and  PEA-15  residues  blue,  and  activation  loop  residues  rendered  in  yellow).  (b,c)  Analogous  representations  of  the 
PEA-15-ERK2  pocket  accommodating  (b)  unphosphorylated  ERK2  activation  loop  and  (c)  the  dually  phosphorylated  activation  loop  (activation  loop 
residues  are  coloured  purple  and  green,  respectively). 


PEA- 15  binding  defines  a  regulatory  ERK  DEF  site  interaction. 

The  allosteric  conduit  triggered  by  PEA- 15  in  combination  with 
the  activation  loop  engagement  revealed  by  our  ERK2-PEA-15 
complex  structures  suggests  a  new  view  of  ERK  DEF-binding  site 
interactions  that  distinguishes  between  ‘substrate  like’  and 
‘regulatory’  type  interactions.  Firstly,  PEA- 15  binding  causes  the 
activation  loop  in  ERK2  to  adopt  an  inactive  conformation 
despite  being  dually  phosphorylated.  This  becomes  evident 
when  a  putative  substrate,  derived  from  the  structure  of 
substrate-bound  cyclic  adenosine  monophosphate-dependent 
protein  kinase39,  is  overlaid  onto  dually  phosphorylated  ERK2 
unbound  or  bound  to  PEA- 15  (ref.  33)  (Fig.  4b).  The  overlay 
shows  that  in  PEA- 15 -bound  ERK2  the  pThr  and  pTyr,  together 
with  the  helical  conformation  of  the  activation  loop,  completely 
occlude  the  substrate-binding  region  normally  available  in 
phospho-ERK2. 

Secondly,  as  outlined  above,  the  term  DEF-docking  site  was 
initially  based  on  its  ability  to  interact  with  substrates  containing 
a  FxF  motif  downstream  of  the  substrate  Ser/Thr  residue.  While 
no  structure  of  an  FxF- type  substrate-bound  to  ERK  is  available, 
various  groups  have  predicted  features  of  this  interaction26,28,40. 
The  surface  pockets  highlighted  in  Fig.  4b  and  Supplementary 
Fig.  S8  are  based  on  a  model  by  Turk  and  colleagues28  and 
illustrate  the  two  key  binding  regions  in  ERK2  that  are  predicted 
to  accommodate  the  Phe  moieties  of  FxF  substrate  motifs. 
However,  PEA- 15  does  not  contain  a  FxF  motif  and  the  binding 
of  the  PEA- 15  DED  occurs  only  in  the  general  area  of  these 
pockets.  In  fact,  only  Leu234  and  Tyr263  from  the  predicted 
FxF-binding  pockets  make  a  direct  hydrophobic  contact 
with  PEA- 15  (Fig.  2b),  while  Tyr  231  and  pTyr  185  reorient  as 
part  of  the  allosteric  PEA- 15  interaction  mechanism 
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(Supplementary  Fig.  S8).  Thus,  PEA- 15  binding  partially 
dismantles  the  binding  pocket  for  the  first  Phe  of  the  motif,  in 
addition  to  relocating  the  activation  loop. 

These  features  suggest  the  existence  of  two  types  of  DEF 
interactions.  One  represents  a  classic  FxF- type  DEF  interaction, 
in  which  substrates  bind  to  the  defined  FxF  pockets  of 
dually  phosphorylated  ERK1/2  in  a  catalytically  competent 
conformation.  The  second  type  of  DEF-site  interaction  mediates 
the  regulatory  binding  of  ERK  effectors.  In  this  case,  the  binding 
partners  utilize  an  interaction  pattern  that  differs  from  the  FxF 
substrate- type  binding.  Instead,  these  factors  use  the  DEF- 
docking  site  to  alter  the  ERK1/2  activation  loop,  which  may 
also  facilitate  its  phosphorylation  or  dephosphorylation. 


PEA- 15  protects  phospho-ERKl/2  from  dephosphorylation. 

We  next  sought  to  investigate  the  physiological  consequences  of 
the  ability  of  PEA- 15  to  capture  the  Thr-X-Tyr  activation  loop  of 
ERK  in  its  different  phosphorylation  states.  First,  we  examined 
the  effect  of  PEA- 15  binding  on  ERK2  activation  by  its  upstream 
kinase  MEK1  (Fig.  5a,  Supplementary  Fig.  S9a-c).  Our  in  vitro 
kinase  assays  show  that  PEA- 15  reduces  the  rate  of  MEK1- 
dependent  ERK2  phosphorylation,  but  it  nevertheless  allows 
accumulation  of  fully  phosphorylated  ERK2.  In  fact  we  find  that 
at  a  concentration  of  17  jiM,  which  may  reflect  MEK-KSR-ERK 
activation  platforms,  MEK1  is  able  to  displace  PEA- 15 
(Supplementary  Fig.  S9d).  Taken  together,  these  results  are  con¬ 
sistent  with  earlier  in  vitro  studies  that  define  PEA- 15  as  an 
inhibitor  of  ERK1/2  phosphorylation10,  but  suggest  that  PEA-15 
is  a  permissive  regulator  rather  than  inhibitor  of  ERK2 
phosphorylation. 
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Figure  4  |  PEA-15-ERK2  regulatory  interaction,  (a)  PEA-15  binding  triggers  concerted  allosteric  changes  in  phospho-ERK2.  Left:  Unbound  ERK2  before 
PEA-15  binding.  Phospho-Thr185  and  phospho-Tyr187  are  anchored  into  defined  pockets  in  phosphorylated  ERK2  (PDBid:2erk).  Upon  binding,  PEA-15 
Glu68  repels  phospho-Tyr187  and  Tyr233,  while  Arg71  of  PEA-15  attracts  phospho-Thr185  and  Tyr205  (indicated  by  red  and  blue  arrows).  Right: 
Conformations  observed  in  the  PEA-15-phosphor-ERK2  complex.  In  the  complex,  PEA-15  Arg71  forms  a  direct  salt  bridge  with  pThr185  and  coordinates 
Tyr205,  while  pTyr187  interacts  with  Arg67  located  in  the  aC-helix.  As  a  consequence,  the  activation  loop  adopts  a  helical  conformation  that  is 
accompanied  by  long-range  allosteric  changes  (see  also  Supplementary  Movie  1)  in  catalytic  elements  such  as  the  aC-helix,  as  well  as  the  burial  of  a  distal 
hydrophobic  patch  (residues  displayed  in  yellow  spheres),  (b)  PEA-15  'regulatory'  DEF  interaction  differs  from-  and  precludes  substrate-like  binding. 
Comparison  of  the  activation  loop  conformations  of  unbound  dually  phosphorylated  ERK2  (left  panel,  red;  PDB:  2erk)  and  PEA-15-bound  phospho-ERK2 
(right  panel,  green).  The  position  of  a  putative  peptide  substrate  (black;  depicting  residues  P-3  to  P  +  3  of  a  substrate  from  a  cAMP-dependent  protein 
kinase  substrate  complex/PDB:1L3R)  is  also  depicted.  Additionally  the  putative  FxF-binding  region  on  ERK2  is  indicated  for  unbound  phospho-ERK2  (grey 
area;  see  also  Supplementary  Fig.  S8).  This  region  has  been  shown  to  capture  a  characteristic  FxF  sequence  motif  downstream  of  the  phosphorylation  site 
in  key  ERK  substrates. 


Additionally,  we  found  that  PEA- 15  overexpression  leads  to  an 
accumulation  of  phosphorylated  ERK  1/2  in  transiently 
transfected  cells  (Fig.  5b),  in  agreement  with  previous 
studies18,41.  We  also  observed  this  accumulation  in  the  absence 
of  growth  factor  stimulation  while  PEA- 15  interface  mutants  fail 
to  propagate  this  effect  (Fig.  5b).  This  observation  suggests  that 
PEA- 15  protects  phospho-ERKl/2  from  dephosphorylation.  To 
investigate  this  function  of  PEA- 15,  we  examined  its  effect  on  the 
progressive  decline  of  phospho-ERKl/2  following  block  of  MEK 
activity.  We  measured  phospho-ERKl/2  levels  in  the  presence  or 
absence  of  overexpressed  PEA- 15  in  cells  treated  with  the  MEK 
inhibitor  U0126  for  various  periods  of  time  (Fig.  5c).  The  results 
show  that,  indeed,  PEA- 15  provides  prolonged  protection  of 


phospho-ERKl/2  from  dephosphorylation  in  serum- stimulated 
HEK293  cells  treated  with  U0126  as  compared  with  control  cells 
where  ERK  1/2  phosphorylation  is  rapidly  lost. 

Discussion 

The  physiological  outcome  of  the  multifaceted  binding  mechan¬ 
ism  applied  by  PEA- 15  is  an  accumulation  of  a  ‘spring-loaded’ 
phospho-ERK2  in  complex  with  PEA- 15.  This  accumulation 
occurs  not  only  when  upstream  components  of  the  ERK  pathway 
are  activated,  but  also  under  unstimulated  conditions.  However, 
even  though  ERK  bound  to  PEA- 15  is  phosphorylated,  its 
activation  loop  is  held  in  an  inactive  conformation  (Fig.  4b)  and 
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Figure  5  |  PEA-15  leads  to  the  stabilization  of  spring-loaded  ERK1/2.  (a)  PEA-15-bound  ERK2  is  permissive  to  phosphorylation  by  MEK1.  An  in  vitro 
phosphorylation  assay  of  ERK2  shows  a  decreased  rate  of  ERK  phosphorylation  but  still  allows  for  accumulation  of  phospho-ERK2.  Time  course 
of  ERK2  phosphorylation  by  constitutive  active  MEK1  (quantified,  bottom)  and  30  min  end  points  of  the  assay  (LICOR  visualization,  top),  (b)  Wild-type 
PEA-15,  but  not  binding  interface  mutants,  leads  to  enrichment  of  dually  phosphorylated  ERK1/2  in  both  unstimulated  and  serum-stimulated  cells.  Extracts 
from  cells  expressing  wild-type  PEA-15,  or  ERK1/2-binding  interface  mutants  of  PEA-15,  were  probed  for  dually  phosphorylated  ERK2.  (c)  PEA-15 
protects  phospho  ERK  from  dephosphorylation.  HEK293  cells  expressing  EGFP-PEA-15  or  control  vector  were  stimulated  with  serum  and  subsequently 
treated  with  10  pM  U0126  to  inhibit  MEK1  for  the  indicated  times.  Extracts  were  analysed  at  the  indicated  time  points  by  western  blotting  with  the  indicated 
antibodies,  (d)  Accumulation  of  halted,  'spring-loaded'  phospho-ERK1/2  highlights  the  dual  nature  of  PEA-15.  Schematic  illustrating  the  cellular 
consequences  of  the  PEA-15-ERK  regulatory  mechanism,  which  allows  for  integration  of  diverse  pathways  and  signalling  outcomes  (asterisks  next  to  the 
arrows  describing  the  release  of  phosphorylated  PEA-15  from  ERK1/2  indicate  that  the  mechanism  of  this  release  is  not  known  and  may  involve 
displacement  through  an  additional  unknown  protein)17. 


its  nuclear  transport  is  blocked.  Consequently,  in  this  scenario 
PEA-15  inhibits  the  activity  of  ERK1/2,  proliferative  signals  are 
suppressed,  and  PEA- 15  acts  as  tumour  suppressor  (Fig.  5d). 
However,  the  regulatory  character  of  the  PEA- 15  ERK  interaction 
allows  PEA- 15  to  be  released  from  ERK2.  This  release  is  reported 
to  involve  phosphorylation  of  PEA-15  Serl04/Serll6  (refs  42,43), 
yet  occurs  by  an  unknown  mechanism  because  phosphorylation 
of  PEA- 15  has  no  direct  effect  on  ERK  binding17.  Regardless  of 
the  mechanism  of  PEA- 15  release,  its  consequence  is  that  ‘spring- 
loaded’  phospho -ERK  1/2  can  now  promptly  adopt  its  default 
active  conformation  without  further  need  for  phosphorylation  by 
upstream  kinases  (Fig.  5d).  The  released  phospho-ERKl/2  will 
then  phosphorylate  their  cytosolic  substrates  and  translocate  to 
the  nucleus  to  phosphorylate  nuclear  substrates,  inducing 
transcription  and  ultimately  proliferation. 

Among  the  kinases  that  have  been  reported  to  phosphorylate 
PEA-15  on  Serl04/Serll6  are  protein  kinase  C,  CaMKII  and 
AKT  (refs  42,43).  Thus  PEA- 15  can  link  different  pathways 
to  ERK  1/2  and,  as  in  the  case  of  AKT  or  protein  kinase  C, 
enhance  their  oncogenic  effect.  Importantly,  the  mechanism 
applied  by  PEA- 15  also  explains  how  ERK1/2  phosphorylation 
can  be  uncoupled  from  its  signalling  outcome44.  While  ERK  1/2 
phosphorylation  is  frequently  used  as  marker  for  malignancy,  the 
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mechanism  utilized  by  PEA- 15  suggests  that  clinical  testing 
strategies  considering  PEA- 15  levels  and  phosphorylation,  as  well 
as  a  readout  of  ERK  1/2  activity,  can  provide  a  more  powerful 
prognostic  tool  than  simply  ERK  1/2  phosphorylation  levels42. 

In  summary,  the  structural  information  from  the  PEA-15-ERK 
complex  demonstrates  that  PEA- 15  acts  as  an  efficient  mechan¬ 
ism-based  regulator  that  employs  known,  as  well  as  novel  MAP 
kinase  regulatory  features.  PEA- 15  uses  a  bipartite  binding  mode 
and  captures  different  activation  states  of  ERK2  to  suppress  and 
direct  the  ultimate  outcome  of  the  ERK- signalling  pathway.  The 
structural  features  of  this  regulation  provide  remarkable  insight 
into  the  inner  workings  of  ERK  1/2  kinase  function,  which  involve 
a  previously  unidentified  allosteric  network.  They  also  provide 
mechanistic  insight  into  how  a  tumour  suppressor  can  lead  to  an 
enrichment  of  phospho-ERKl/2,  potentially  priming  the  cell  for  a 
rapid  activation  of  ERK  1/2  by  signalling  pathways  that  target 
PEA- 15. 

Methods 

Protein  expression  and  purification.  For  crystallization  Human  ERK2  (Uniprot: 
P28482)  residues  8-360  was  cloned  into  a  modified  pET-LIC  vector  (kindly  gifted 
by  the  Netherlands  Cancer  Insitute  (NKI)  Protein  Facility  with  funding  from  grant 
no.  175.010.2007.012)  incorporating  an  N-terminal  His6  tag  and  3C  protease 
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cleavage  site.  To  prepare  dually  phosphorylated  ERK2  this  construct  was  coex¬ 
pressed  with  constitutively  active  MEK1  from  pETDuet-ACYC  in  Escherichia  coli, 
while  unphosphorylated  kinase  was  prepared  by  coexpression  of  YopH  tyrosine 
phosphatase  to  minimize  ERK2  autophosphorylation45.  Full-length  human  PEA- 15 
(Uniprot:  Q15121  residues  1-130)  for  crystallization  was  expressed  from  pET28b. 
All  biophysical  and  biochemical  experiments  were  performed  using  full-length 
ERK2  and  PEA- 15  expressed  from  a  modified  pET  vector  incorporating  an 
N-terminal  His6-tag  and  SUMOl  fusion  protein.  Treatment  of  these  proteins  with 
SENP1  protease  yielded  species  with  no  residually  amino  acids  for  ERK2  (1-360) 
and  a  single  additional  glycine  residue  for  PEA- 15  in  order  to  facilitate  protease 
cleavage.  The  DED  construct  of  PEA- 15  for  crystallization  (residues  1-96)  was  also 
produced  as  a  SUMO-fusion  protein.  All  mutagenesis  was  performed  using 
QuikChange  site-directed  mutagenesis.  All  proteins  were  initially  purified  by 
Ni2  +  affinity  chromatography,  and  purified  to  homogeneity  after  cleavage  with 
respective  proteases  using  anion-exchange  (Source  Q  10/10)  and  size-exclusion 
(Superdex-200)  chromatographies.  Isolated  proteins  and  complexes  were  flash 
frozen  for  storage  in  10  mM  HEPES  (7.6),  100  mM  NaCl  and  0.5  mM  tris- 
(2-carboxyethyl)phosphine. 


Crystallization.  For  crystallization  ERK2  T185E  (8-360)  and  full-length  PEA-15 
were  combined  at  high  concentration  and  the  complex  was  purified  by  size- 
exclusion  chromatography  at  a  protein  concentration  of  ~  20  mg  ml  -  l.  Initial 
crystals  of  ERK2  T185E  bound  to  full-length  PEA- 15  were  grown  by  sitting  drop 
vapour  diffusion  using  a  precipitant  condition  containing  0.1  M  Bis-Tris  (pH  5.5) 
and  2.0  M  ammonium  sulphate.  These  crystals  diffracted  anisotropically  to  4  A  in 
the  best  dimension,  and  were  improved  by  cycles  of  additive  screening  and  soaking 
with  nucleotides.  Final  crystals  were  grown  from  a  condition  containing  0.1  M  Bis- 
Tris  (pH  5.5),  1.8  M  ammonium  sulphate  and  3%  sucrose,  soaked  with  2  mM  ADP 
for  ~  15  min  in  mother  liquor,  and  cryoprotected  by  transferring  to  mother  liquor 
containing  20%  glycerol  before  freezing  in  a  nitrogen  cryostream. 

Purified  unphosphorylated,  and  dually  phosphorylated,  ERK2  (8-360)  were  each 
mixed  with  PEA- 15  (1-96)  at  equimolar  ratios,  concentrated  to  ~  15  mg  ml  -  1  and 
directly  subjected  to  crystallization  screening.  Diffraction  quality  crystals  of 
unphosphorylated  ERK2-PEA-15  DED  grew  from  a  condition  containing  0.2  M 
sodium  malonate  and  20%  PEG  3350  (measured  pH  5.5).  Crystals  of  the  dually 
phosphorylated  ERK2  complex  grew  from  0.2  M  potassium  phosphate  monobasic 
and  20%  w/v  Polyethylene  glycol  3,350  (measured  pH  5.0).  Both  crystal  types  were 
transferred  to  mother  liquor  containing  15%  glycerol  for  cryoprotection  before 
freezing. 


Structure  determination.  Final  diffraction  data  for  all  crystals  was  collected  at 
National  Synchrotron  Light  Source  beamline  X29  and  processed  using  XDS46  and 
SCALA47.  The  structure  of  the  ERK2  T185E-PEA-15  complex  was  solved  by 
molecular  replacement  in  Phaser48  using  the  structure  of  dually  phosphorylated 
ERK2  (PDBid:  2erk)  with  the  activation  loop  deleted  as  a  search  model.  PEA- 15 
was  successfully  located  using  an  edited  poly-alanine  model  of  the  DED  from 
MCI 59  (PDBid:  2bbr)  as  a  search  model.  The  overall  structure  was  iteratively  built 
and  refined  using  Refmac5  (ref.  49)  and  COOT50.  Structures  of  the  complex 
between  un-  or  dually  phosphorylated  ERK2  with  the  PEA- 15  DED  were  solved  by 
independent  searches  for  the  individually  chains  from  the  above  structure,  with  the 
activation  loop  of  ERK2  deleted  from  search  models.  In  each  crystal  the 
asymmetric  unit  contained  one  molecule  of  PEA- 15  bound  to  ERK2,  and  a  second 
ERK2  polypeptide  not  bound  to  PEA- 15. 


Isothermal  titration  calorimetry  and  analytical  ultracentrifugation.  Isothermal 
titration  calorimetry  (ITC)  was  carried  out  using  a  MicroCal  iTC200  calorimeter. 
PEA- 15  full-length  or  fragments  thereof  (200-500  pM)  were  injected  into  ERK2 
variants  (20-50  pM)  in  a  matched  buffer  containing  10  mM  HEPES  (7.6),  100  mM 
NaCl  and  0.5  mM  Tris-(2-carboxyethyl)phosphine.  AMP-PNP  (2  mM)  was 
incorporated  into  the  buffer  of  the  diluent  kinase  to  mimic  the  physiological 
presence  of  nucleotide.  Analytical  ultracentrifugation  sedimentation  equilibrium 
experiments  were  performed  in  a  ProteomeLab  XL-I  (BeckmanCoulter)  analytical 
ultracentrifuge  with  protein  in  the  same  buffer  used  for  ITC.  Analysis  was  done 
using  HeteroAnalysis  software  (by  J.L.  Cole  and  J.W.  Lary,  University  of  Con¬ 
necticut;  http://www.biotech.uconn.edu/ auf/) . 


ERK2  activation  assays.  Activation  of  ERK2  by  MEK1  in  vitro  was  performed 
using  purified  MEK1-R4F51  purified  with  a  C-terminal  His6-tag.  Combinations  of 
ERK2  (5pM),  MEK1  (0.5  pM)  and  PEA-15  (10  pM)  were  incubated  in  a  buffer 
containing  25  mM  HEPES  (pH  7.5),  100  mM  NaCl,  20  mM  MgCl2,  2mM 
dithiothreitol,  and  0.5  mM  EGTA,  with  adenosine  triphosphate  (5  mM)  added  to 
initiate  reactions.  At  indicated  time  points  samples  were  removed,  combined  with 
SDS-polyacrylamide  gel  electrophoresis  (PAGE)  sample  buffer  and  boiled  to 
terminate  the  reaction.  Following  electrophoreses  and  western  blotting,  transferred 
proteins  were  probed  with  mouse  derived  a-ERK2  and  rabbit  a-phospho-ERK2 
antibodies  (both  from  Cell  Signaling  Technology).  Detection  was  performed  using 
LICOR  IRDye  a-mouse  and  a-rabbit  secondary  antibodies. 


PEA-15  inhibition  assay  of  ERK2  activity.  ADP-glo  assays  (Promega)  were 
performed  to  measure  kinase  activity  of  activated  ERK2  in  the  presence  and 
absence  of  PEA- 15.  Reactions  were  carried  out  in  an  identical  buffer  to  the  ERK2 
activation  assays  described  above.  ERK2  (0.4  pM)  was  incubated  with  MBP 
(50  pM)  and  adenosine  triphosphate  (50  pM)  with/without  PEA- 15  (5  pM)  at  room 
temperature  for  30  min.  Amounts  of  generated  ADP  were  measured  through 
luminescence  according  to  the  manufacturers’  instructions  in  384-well  plates. 

In  vitro  binding  assays  between  PEA-15  and  ERK2.  Untagged  full-length  ERK2 
was  isolated  as  described  above  in  the  protein  expression  and  purification  section; 
namely  expressed  as  a  His-Sumo-fusion  protein,  cleaved  from  the  His-Sumo  tag 
and  finally  purified  using  anion- exchange  chromatography.  Wild-type  His-Sumo- 
PEA-15,  or  mutants  thereof,  were  expressed  as  described  above  and  purified  via  Ni- 
affinity  chromatography.  After  eluation  His-Sumo-PEA-15  proteins  were  incu¬ 
bated  with  an  excess  (~2:1)  of  the  untagged  ERK2  wt  protein  for  25  min  at  room 
temperature  and  then  applied  to  Ni-NTA  beads.  After  wash  steps  using  a  10  mM 
Tris  (pH  8.0),  100  mM  NaCl,  10%  glycerol,  10%  sucrose  and  2mM  dithiothreitol 
containing  30  mM  imidazole,  the  Ni-NTA  beads  were  mixed  with  SDS-PAGE 
sample  buffer  and  subjected  to  SDS-PAGE.  Protein  bands  were  visualized  using 
Coomassie  staining. 

Characterization  of  ERK2-PEA-15  regulation  in  cells.  For  immunoblotting,  HEK 
293  cells  were  cultured  in  DMEM  supplemented  with  10%  fetal  bovine  serum 
(FBS)  and  penicillin/streptomycin  and  transiently  transfected  with  EGFP  or  EGFP- 
tagged  PEA- 15  plasmids  using  Lipofectamine  2000  (Invitrogen).  Twenty- four 
hours  after  transfection,  the  cells  were  starved  in  DMEM  with  0.2%  FBS  for  18  h. 
The  cells  were  then  stimulated  for  45  min  with  20%  FBS  or  maintained  in  0.2%  FBS 
and  then  lysed  in  modified  RIPA  buffer  (150  mM  NaCl,  50  mM  Tris,  pH  7.5  with 
1%  Triton  X-100,  0.5%  Na  deoxycholate,  0.1%  SDS,  2mM  EDTA,  1  mM  sodium 
orthovanadate,  1  mM  sodium  fluoride,  aprotinin,  leupeptin,  pepstatin  1  pg  ml _  1 
each  and  1  mM  phenylmethylsulphonyl  fluoride)  and  centrifuged  at  1 6,000  g  for 
15  min  at  4°C.  Total  extracts  were  resolved  by  SDS-PAGE  and  transferred  to 
PVDF  membranes  (Millipore)  and  then  probed  by  immunoblotting  with  anti- 
phospho-ERKl/2  (Thr202/Tyr204)  and  anti-ERKl/2  antibodies  (Cell  Signaling; 
1:50  dilution).  Expression  of  transfected  EGFP-PEA-15  was  assessed  by  immu¬ 
noblotting  with  an  anti-GFP  antibody  (GeneTex;  1:2,500  dilution).  After  primary 
antibody  incubation,  membranes  were  incubated  with  an  horseradish-conjugated 
anti-rabbit  antibody  (Millipore;  1:5,000  dilution)  and  a  chemiluminescence  system 
(GE  Healthcare  Life  Sciences)  was  used  for  detection. 

To  assess  ERK  dephosphorylation  in  the  presence  of  PEA- 15,  HEK  293  cells 
transfected  with  either  EGFP  or  PEA- 15  WT  were  starved  overnight.  The  cells  were 
then  stimulated  with  20%  FBS  for  30  min  to  increase  pERK  levels,  treated  with 
10  pM  of  the  MEK  inhibitor  U0126  for  different  time  periods,  and  lysed  in 
modified  RIPA  buffer. 

For  immunocytochemistry,  NIH3T3  cells  were  cultured  in  DMEM  (Cellgro, 
Mediatech)  supplemented  with  10%  FBS  and  penicillin/streptomycin,  and  were 
transiently  transfected  with  EGFP  or  EGFP-PEA-15  plasmids  using  Lipofectamine 
2000  (Invitrogen).  Fifteen  hours  after  transfection,  the  cells  were  trypsinyzed  and 
plated  on  glass  coverslips  coated  with  fibronectin  (10  pg  ml  “  l;  Millipore).  Twenty- 
four  hours  after  transfection,  the  cells  were  starved  in  DMEM  with  0.2%  FBS  for 
18  h.  The  cells  were  then  stimulated  for  3h  with  20%  FBS  or  maintained  in  0.2% 
FBS  and  then  fixed  with  4%  formaldehyde  and  permeabilized  in  0.5%  Triton  X-100 
in  PBS.  After  a  30  min  incubation  with  10%  normal  goat  serum  in  PBS  at  room 
temperature,  the  cells  were  incubated  overnight  at  4°C  with  anti-ERKl/2  antibody 
(Cell  Signaling;  1:50  dilution)  in  10%  normal  goat  serum  in  PBS.  After  PBS  washes, 
the  cells  were  incubated  for  1  h  at  room  temperature  with  the  secondary  anti-rabbit 
antibody  conjugated  with  Alexa  Fluor  568  (Invitrogen;  1:200  dilution).  Nuclei  were 
counterstained  with  4/,6-diamidino-2-phenylindole  (Sigma;  1:5,000)  and  the  cells 
were  mounted  in  Pro  Long  Gold  antifade  reagent  (Invitrogen). 
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Abstract 

The  CAS  (CRK-associated  substrate)  family  of  adaptor  proteins  comprises  4  members,  which  share  a  conserved  modular  domain  structure  that 
enables  multiple  protein-protein  interactions,  leading  to  the  assembly  of  intracellular  signaling  platforms.  Besides  their  physiological  role  in  signal 
transduction  downstream  of  a  variety  of  cell  surface  receptors,  CAS  proteins  are  also  critical  for  oncogenic  transformation  and  cancer  cell  malignancy 
through  associations  with  a  variety  of  regulatory  proteins  and  downstream  effectors.  Among  the  regulatory  partners,  the  3  recently  identified  adaptor 
proteins  constituting  the  NSP  (novel  SH2-containing  protein)  family  avidly  bind  to  the  conserved  carboxy-terminal  focal  adhesion-targeting  (FAT) 
domain  of  CAS  proteins.  NSP  proteins  use  an  anomalous  nucleotide  exchange  factor  domain  that  lacks  catalytic  activity  to  form  NSP-CAS  signaling 
modules.  Additionally,  the  NSP  SH2  domain  can  link  NSP-CAS  signaling  assemblies  to  tyrosine-phosphorylated  cell  surface  receptors.  NSP  proteins 
can  potentiate  CAS  function  by  affecting  key  CAS  attributes  such  as  expression  levels,  phosphorylation  state,  and  subcellular  localization,  leading 
to  effects  on  cell  adhesion,  migration,  and  invasion  as  well  as  cell  growth.  The  consequences  of  these  activities  are  well  exemplified  by  the  role  that 
members  of  both  families  play  in  promoting  breast  cancer  cell  invasiveness  and  resistance  to  antiestrogens.  In  this  review,  we  discuss  the  intriguing 
interplay  between  the  NSP  and  CAS  families,  with  a  particular  focus  on  cancer  signaling  networks. 

Keywords:  migration,  invasion,  antiestrogen  resistance,  tyrosine  phosphorylation,  serine  phosphorylation,  SRC  kinase 


Introduction 

Transmembrane  receptors  localized  on 
the  cell  surface,  such  as  integrin  recep¬ 
tors  for  extracellular  matrix  proteins, 
growth  factor  receptor  tyrosine  kinases, 
and  cytokine  receptors,  convey  extracel¬ 
lular  stimuli  into  a  cascade  of  intracel¬ 
lular  signaling  events  that  lead  to  cell 
proliferation  and  survival,  cytoskeletal 
reorganization,  and  cell  migration.  Sig¬ 
naling  pathways  emanating  from  cell 
surface  receptors  rely  on  networks  of 
adaptor  proteins  (which  contain  multiple 
protein  interaction  domains)  and  scaf¬ 
fold  proteins  (which  bring  together 
multiple  components  of  a  signaling 
pathway).1,2  Although  adaptor  and  scaf¬ 
fold  proteins  lack  enzymatic  activity, 
they  represent  both  crucial  links  to 
downstream  effector  molecules  and 
nodes  that  interconnect  different  signal¬ 
ing  pathways.  By  regulating  the  flow  of 
information  in  signaling  networks,  adap¬ 
tor  and  scaffold  proteins  are  critical  for 
normal  cellular  physiology  and  homeo¬ 
stasis.  Consequently,  their  dysregulation 
can  lead  to  a  spectrum  of  diseases  and 
particularly  cancer  development  and 


progression.  The  members  of  the  CAS 
(CRK-associated  substrate)  and  NSP 
(novel  SH2-containing  protein)  families 
(Table  1)  are  multidomain  proteins  that 
combine  both  adaptor  and  scaffold  func¬ 
tions  to  form  unique  signaling  modules 
in  complex  signaling  networks  (Figs.  1 
and  2).  They  achieve  this  by  interacting 
with  each  other  through  their  conserved 
carboxy-terminal  domains.  In  this 
review,  we  provide  an  overview  of  both 
families  and  their  shared  involvement  in 
cell  signaling  and  cancer  malignancy. 


The  CAS  Family 

Domain  organization  and  general  signal¬ 
ing  mechanisms.  The  CAS  protein  family 
consists  of  4  members,  BCAR1 ,  NEDD9, 
EFS,  and  CASS4  (see  Table  1  for  alterna¬ 
tive  names),  which  share  a  conserved 
multidomain  organization  (Fig.  1).  The 
amino-terminal  SH3  domain  of  CAS  pro¬ 
teins  binds  polyproline  motifs  of  interact¬ 
ing  partners,  the  most  studied  of  which  is 
the  focal  adhesion  kinase  FAK3 * *  (Fig.  2). 
This  is  followed  by  the  substrate  domain 
(Fig.  1),  which  can  be  “stretched”  to 


expose  its  many  YxxP  motifs  for  phos¬ 
phorylation,  thus  functioning  as  a  sensor 
of  cell  mechanical  stress.4,5  Once  phos- 
phorylated  by  kinases  such  as  SRC,  these 
motifs  provide  binding  sites  for  the  SH2 
domains  of  adaptor  proteins,  with  CRK 
and  CRKL  being  the  most  important.6 *"8 
The  subsequent  serine-rich  region  can 
recruit  regulatory  14-3-3  proteins  through 
serine-phosphorylated  motifs.9  Structur¬ 
ally,  this  region  folds  into  a  4-helix  bun¬ 
dle  domain  that  is  reminiscent  of  the  focal 
adhesion-targeting  (FAT)  domains  found 
in  focal  adhesion  proteins.10  This  is  fol¬ 
lowed  by  the  SRC-binding  region,  which 
includes  a  polyproline  motif  that  can  bind 
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Table  1.  CAS  and  NSP  Family  Members 

Official  gene  name 

Other  names 

CAS  family 

BCARI ,  breast  cancer  antiestrogen  resis¬ 
tance  protein  1 

NEDD9,  neural  precursor  cell  expressed 
developmental^  downregulated  protein  9 

EFS,  embryonal  FYN -associated  substrate 

CASS4,  CAS  scaffolding  protein  family 
member  4 

p130CAS/CAS,  CRK-associated  substrate 
HEF1,  human  enhancer  of  filamentation  1 
CAS-L/CASL,  CAS-related  protein  lympho¬ 
cyte  type 

SIN,  SRC-interacting  or  signal-integrating 
protein 

HEPL,  HEF1-EFS-p130CAS-like  protein 

NSP  family 

SH2D3A,  SH2  domain-containing  3A 

BCAR3,  breast  cancer  antiestrogen  resis¬ 
tance  protein  3 

SH2D3C,  SH2  domain-containing  3C 

NSP1,  novel  SH2-containing  protein  1 

NSP2,  novel  SH2-containing  protein  2 
AND-34,  identified  from  AND  TCR  transgenic 
mice  clone  34.1 

NSP3,  novel  SH2-containing  protein  3 

SHEP1 ,  SH2  domain-containing  EPH 
receptor-binding  protein  1 

CHAT,  CAS/HEF1 -associated  signal 
transducer 

CHAT-H,  hematopoietic  cell-specific  CHAT 

Note:  Included  are  the  most  common  names  according  to  UniProtKB/Swiss-Prot  (uniprot.org). 


survival  downstream  of  CAS27,37"39 

(Fig.  2). 

In  addition  to  FAK,  SRC,  and 
the  CRK-D0CK1 80-RAC 1 ,  CRK-C3G- 
RAP1,  and  PI3  kinase  axes,  many  other 
signaling  molecules  have  been  described 
as  CAS  regulators  and  effectors,  account¬ 
ing  for  the  diverse  biological  functions  of 
the  family.11,12  Among  these  are  the  NSP 
family  proteins,  which  are  featured  in  this 
review.  Although  less  investigated,  the  3 
proteins  forming  the  NSP  family  seem  to 
be  among  the  most  avid  CAS-binding 
partners.  They  are  also  capable  of  inter¬ 
acting  with  receptor  tyrosine  kinases, 
thus  directly  linking  CAS  proteins  to 
receptor  tyrosine  kinase-initiated  signal¬ 
ing.  Before  delving  into  the  details 
of  NSP-CAS  signaling,  we  provide  an 
overview  of  each  of  the  4  CAS  proteins 
and  the  distinctive  properties  that  account 
for  their  different  roles  in  various 
malignancies. 


the  SRC  SH3  domain  and/or  a  tyrosine- 
containing  motif  that,  when  phosphory- 
lated  by  FAK,  can  bind  the  SRC  SH2 
domain.11,12  Notably,  features  of  the 
SRC-binding  region  vary  among  the  fam¬ 
ily  members,  with  CASS4  lacking  both 
SRC-binding  motifs.  A  stretch  of  approx¬ 
imately  70  amino  acids  with  an  unknown 
structure  and  function  precedes  the  car- 
boxy-terminal  domain,  which  was  only 
recently  revealed  to  adopt  a  FAT-type 
4-helix  bundle  fold.13  This  domain  is 
responsible  for  the  interaction  with  NSP 
proteins  as  well  as  several  ubiquitin 
ligases. 14,15  Furthermore,  in  at  least  some 
family  members,  the  CAS  carboxy- 
terminal  domain  can  be  released  by  cas- 
pases  and  function  independently  to  pro¬ 
mote  apoptosis.11,12,16 

The  detailed  signaling  mechanisms 
of  CAS  proteins  have  been  extensively 
discussed  in  several  excellent  recent 
reviews.8,11,12,16,17  Therefore,  here,  we 
highlight  only  the  main  general  features 
of  their  signaling  pathways  (Fig.  2).  Cell 
adhesion  mediated  by  integrin  receptors 
is  the  best  characterized  event  linked 
to  CAS  signaling  since  it  leads  to  the 
activation  of  FAK.11,12  FAK  can  directly 
recruit  SRC  family  kinases  and  at 
the  same  time  phosphorylate  the 


SRC -binding  region  in  CAS  proteins, 
thus  generating  the  binding  site  for  the 
SRC  SH2  domain.11,12  Binding  of  the 
SRC  SH2/SH3  domains  to  the  FAK- 
CAS  complex  relieves  their  intramolec¬ 
ular  inhibition  on  the  kinase  domain, 
leading  to  SRC  activation.18"21  In  addi¬ 
tion,  it  positions  the  activated  SRC  for 
phosphorylation  of  the  multiple  tyro¬ 
sines  in  the  CAS  substrate  domain.22,23 
This  hyperphosphorylation  is  a  hallmark 
of  the  active  signaling  form  of  CAS  pro¬ 
teins  and  generates  binding  sites  for 
CRK  adaptors,  which  then  recruit  the 
nucleotide  exchange  factors  DOCK180 
and  C3G.24"27  DOCK180  is  a  key  activa¬ 
tor  of  the  RHO  family  GTPase  RAC1, 
which  in  turn  controls  activation  of  the 
JNK  MAP  kinase  and  actin  cytoskeleton 
remodeling,  while  C3G  activates  the 
RAS  family  GTPase  RAP1,  leading  to 
increased  integrin  activity.25,28'33 
Together,  these  2  pathways  promote  cell 
substrate  adhesion,  migration,  and  inva¬ 
siveness  as  well  as  prolifera¬ 
tion.6,8,27,28,31,34'37  Moreover,  RAC1 
activation  by  CAS  proteins  can  also 
occur  through  PI3  kinase-dependent 
activation  of  guanine  nucleotide 
exchange  factors,  while  the  PI3  kinase- 
AKT  axis  additionally  supports  cell 


BCARI  (pi 3 OCAS).  BCAR1  is  the 
founding  member  of  the  CAS  family 
and  is  ubiquitously  expressed  in  adult 
human  tissues  and  cancer  cell  lines11,17 
(broadinstitute.org/ccle).  It  was  origi¬ 
nally  discovered  in  v-CRK-  and  v- SRC- 
transformed  cells  as  pl30CAS  (Table  1), 
an  abundant  and  highly  phosphorylated 
130-kDa  protein  that  interacts  with  the 
transforming  oncogenes.40"42  Later  stud¬ 
ies  revealed  that  BCARI  plays  an  essen¬ 
tial  role  in  cell  transformation  by  SRC 
and  several  other  oncogenes.37,43"48 
The  human  gene  was  identified  in  a 
genome-wide  screen  for  proteins  whose 
overexpression  in  estrogen-dependent 
breast  cancer  cells  confers  resistance  to 
antiestrogens  (hence,  the  name  breast 
cancer  antiestrogen  resistance  protein  1, 
abbreviated  to  BCARI)  (Table  l).49"51 
BCARI  has  also  been  implicated  in 
resistance  to  the  chemotherapeutic 
drug  doxorubicin.52  Furthermore,  high 
levels  of  the  BCARI  protein  in 
breast  cancer  specimens  have  been  cor¬ 
related  with  high  ERBB2  receptor 
expression,  enhanced  proliferation, 
increased  risk  for  resistance  to  tamoxifen 
therapy,  and  poor  clinical  outcome.37,53,54 
The  ability  of  BCARI  to  support 
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Figure  1 .  Domain  structure  and  phosphorylation  sites  of  CAS  and  NSP  family  proteins.  Shown  are 
the  main  isoforms  for  the  various  family  members  and  their  amino  acid  lengths.  Isoforms  of  different 
lengths  are  shown  only  for  NSP3;  the  2  NSP3  shorter  isoforms  of  702  and  703  amino  acids 
differ  from  each  other  in  their  most  amino-terminal  segment  (indicated  in  dark  gray).  CDC25-h  = 
CDC25  homology  domain;  FAT  =  focal  adhesion-targeting  domain  (the  central  serine-rich  region 
of  the  CAS  proteins  has  the  structure  of  a  FAT  domain,  although  it  is  not  commonly  designated  as 
such);  P/S  =  proline/serine-rich  region;  SB  =  SRC-binding  region  (containing  binding  sites  for  both 
SRC  SPI2  and  SPI3  domains  in  BCAR1  and  EFS  and  only  for  the  SRC  SPI2  domain  in  NEDD9); 
SH2  =  SH2  domain;  SH3  =  SH3  domain.  Phosphorylation  sites  (Y  =  tyrosine;  S  =  serine;  T  = 
threonine)  were  obtained  from  phosphosite.org;  the  smallest  font  indicates  sites  identified  by  mass 
spectrometry  in  >5  samples,  the  intermediate-sized  font  indicates  sites  identified  in  >50  samples, 
and  the  largest  font  indicates  sites  identified  in  >500  samples.  It  should  be  noted  that  identification 
of  phosphorylation  sites  by  mass  spectrometry  is  not  necessarily  comprehensive.  Indicated  in  gray 
are  the  3  serine  phosphorylation  sites  in  the  substrate  domain  of  BCAR1  that  depend  on  BCAR3 
expression  in  MDA-MB-231  breast  cancer  cells94  (the  first  of  which  was  also  detected  in  >5  other 
samples),  the  tyrosine  phosphorylated  downstream  of  the  EGF  receptor  in  the  SH2  domain  of 
NSP1 ,81  and  the  tyrosine  phosphorylated  downstream  of  the  overexpressed  EPHB2  receptor  in 
the  CDC25  homology  domain  of  NSP3.90 


long-term  proliferation  in  the  presence 
of  antiestrogens,  which  appears  to  be 
unique  among  the  CAS  family  proteins, 
has  been  linked  to  tyrosine  phosphoryla¬ 
tion  of  its  substrate  domain.55,56  BCAR1 
signaling  has  also  been  associated  with 
cell  proliferation,  survival,  and  migra¬ 
tion/invasion  in  many  tumor  types 
besides  breast  cancer,  including  ovarian 
and  prostate  cancer,  glioblastoma,  mela¬ 
noma,  and  hematopoietic  malignan¬ 
cies. 11,12’17,27’57"63  Accordingly,  a  great 
abundance  of  BCAR1  tyrosine-  and  ser- 
ine/threonine-phosphorylated  peptides 


have  been  detected  in  a  wide  variety  of 
cancers  (phosphosite.org)  (Fig.  1). 

NEDD9.  This  member  of  the  CAS 
family  is  widely  expressed  in  tissues, 
and  interestingly,  its  levels  are  low  in  the 
G1  phase  of  the  cell  cycle  but  increase 
dramatically  during  mitosis.12,16  NEDD9 
is  also  expressed  in  most  cancer  cell 
lines,  with  highest  levels  detected  in 
melanoma  and  medulloblastoma  cell 
lines12,64  (broadinstitute.org/ccle).  Fur¬ 
thermore,  many  tyrosine-phosphory- 
lated  peptides  from  the  NEDD9  substrate 


domain  have  been  detected  by  mass 
spectrometry  in  a  large  number  and 
a  wide  variety  of  cancer  cell  lines 
and  tumor  samples  (phosphosite.org) 
(Fig.  1),  consistent  with  the  reported 
importance  of  NEDD9  signaling  in 
most  cancers  including  hematopoietic 
tumors.12,16,17,65  Interestingly,  a  distinc¬ 
tive  role  of  NEDD9  in  driving  invasive¬ 
ness  and  metastasis  has  been  extensively 
documented  in  melanoma,  breast  cancer, 
and  other  cancers. 16,17,64,66"73  In  addition, 
analysis  of  NEDD9  knockout  mice  has 
implicated  this  CAS  family  member  in 
tumor  initiation  in  the  MMTV-Polyoma 
middle  T  mouse  mammary  tumor  model 
through  activation  of  FAK,  SRC,  AKT, 
and  ERK.74  However,  besides  reducing 
tumor  development,  over  time,  the  lack 
of  NEDD9  expression  can  also  promote 
cancer  cell  aggressiveness  by  causing 
genetic  instability.75  Consistent  with  a 
complex  role  in  tumorigenesis,  NEDD9 
overexpression  may  also  negatively 
affect  cancer  development  by  causing 
defects  in  cytokinesis  through  its  multi¬ 
ple  effects  on  the  mitotic  machinery  as 
well  as  by  promoting  apoptosis  through 
caspase-dependent  release  of  its  car- 
boxy- terminal  domain.12,16 

EFS  and  CASS4.  EFS  and  CASS4  are 
the  least  characterized  members  of  the 
CAS  family,  and  their  roles  in  cancer 
have  not  yet  been  extensively  explored. 
EFS  mRNA  is  expressed  in  the  adult 
brain,  lung,  and  thymus  as  well  as  in  sar¬ 
coma  cell  lines  and  a  subset  of  cell  lines 
from  other  cancers,  including  lung  can¬ 
cer76,77  (broadinstitute.org/ccle).  Only  a 
few  tyrosine-phosphorylated  peptides 
from  the  EFS  substrate  domain  have 
been  identified  in  a  variety  of  tumors 
and  cancer  cell  lines,  including  breast 
cancers  and  pheochromocytomas  (phos- 
phosite.org)  (Fig.  1).  Therefore,  the 
available  evidence  suggests  that  EFS 
has  a  more  limited  role  in  cancer  than 
the  other  members  of  the  CAS  family. 

The  most  recently  identified  family 
member,  CASS4,  has  a  restricted  tissue 
distribution  and  is  predominantly  found 
in  the  lung  and  spleen.76  In  cancer  cell 
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Figure  2.  NSP-CAS  signaling  networks.  The  schematic  diagram  illustrates  pathways  discussed 
in  the  text,  depicting  how  NSP  proteins  integrate  CAS  signaling  downstream  of  integrins  with 
signaling  pathways  downstream  of  other  cell  surface  receptors.  Signaling  pathways  downstream  of 
cell  surface  receptors  as  well  as  many  other  known  regulators  and  effectors  of  CAS  family  proteins 
are  not  shown.  Overexpression  of  several  NSP  and  CAS  proteins  has  been  implicated  in  cancer 
malignancy  and  resistance  to  chemotherapy,  which  may  be  due  at  least  in  part  to  perturbation  of 
the  signaling  interactions  shown  in  the  figure. 


lines,  CASS4  mRNA  expression  is  high¬ 
est  in  leukemia  cell  lines  (broadinstitute. 
org/ccle).  Despite  lacking  the  SRC- 
binding  region,  CASS4  is  phosphory- 
lated  on  tyrosines  in  the  substrate 
domain,  likely  through  FAK-associated 
SRC.23,76  Multiple  tyrosine-phosphory- 
lated  peptides  derived  from  the  substrate 
domain  of  CASS4  have  been  detected 
by  mass  spectrometry  in  cancers,  with 
the  great  majority  from  chronic  myelog¬ 
enous  leukemias  and  a  smaller  number 
from  lung  cancer  samples  (phosphosite. 
org)  (Fig.  1).  Even  though  CASS4  seems 
to  have  similar  activities  as  the  other 
CAS  proteins,  its  carboxy-terminal 
domain  has  the  most  divergent  sequence 
of  the  4  family  members,  and  it  is  not 
yet  known  whether  it  can  support 
a  tight  interaction  with  NSP  family 
members.13 

The  NSP  Family 

Domain  organization  and  general  signal¬ 
ing  mechanisms.  The  NSP  family  consists 


of  3  members,  NSP1,  BCAR3,  and  NSP3 
(see  Table  1  for  alternative  names),  which 
share  a  similar  domain  organization  (Fig. 
1).  The  amino-terminal  segment  of  NSP 
proteins  is  of  variable  length  and  subject 
to  alternative  splicing  in  BCAR3  and 
NSP3.78  Only  the  longer  version  of  this 
segment  in  NSP3  has  been  shown  to 
promote  association  with  the  plasma 
membrane,79  suggesting  that  the  amino- 
terminal  segment  confers  distinctive  sig¬ 
naling  properties  to  the  different  isoforms. 
This  region  is  followed  by  a  SH2  domain 
that  can  bind  to  activated  receptor  tyro¬ 
sine  kinases,  including  members  of  the 
ERBB  and  EPH  families,80"83  thus  recruit¬ 
ing  the  associated  CAS  proteins  and  their 
signaling  partners  to  the  activated  recep¬ 
tors  (Fig.  2).  The  proline/serine-rich 
region  that  follows  the  SH2  domain  con¬ 
tains  putative  binding  sites  for  SH3 
domain-containing  proteins.  This  region 
is  poorly  conserved  and  may  therefore 
recruit  different  binding  partners  to  each 
NSP  family  member.  Although  no 


definite  binding  partners  have  yet  been 
characterized,  predictions  suggest  bind¬ 
ing  of  various  SH3  domain-containing 
proteins,  including  the  CDC42  exchange 
factor  intersectin  to  NSP1  and  the  ABL 
nonreceptor  tyrosine  kinase  to  NSP3 
(scansite.mit.edu).  Additionally,  cortac- 
tin,  a  SRC  substrate  and  actin  cytoskele- 
ton  regulator  involved  in  cell  invasion,84 
is  predicted  to  interact  with  all  3  NSP  pro¬ 
teins  (scansite.mit.org). 

Perhaps  the  most  intriguing  region  of 
the  NSP  proteins  is  their  large  carboxy- 
terminal  domain,  which  is  crucial  for 
interaction  with  members  of  the  CAS 
family.81,85,86  This  domain  has  sequence 
similarity  with  the  CDC25  homology 
domain  of  guanine  nucleotide  exchange 
factors,  which  promote  the  exchange  of 
the  GDP  nucleotide  bound  to  inactive 
RAS  GTPases  with  GTP,  leading  to 
RAS  activation.80,81,85  Hence,  nucleotide 
exchange  functions  have  been  proposed 
for  the  NSP  family.87  However,  enzy¬ 
matic  activity  could  not  be  confirmed 
using  purified  NSP  CDC25  homology 
domains,29,80  which  is  in  line  with  recent 
structural  studies  revealing  an  architec¬ 
ture  incompatible  with  enzymatic  activ¬ 
ity  but  exquisitely  suited  for  CAS 
binding13  (see  below). 

In  essence,  NSP  proteins  act  as 
sophisticated  adaptor  molecules  that 
use  their  SH2  and  CDC25  homology 
domains  to  connect  receptor  tyrosine 
kinases  and  other  cell  surface  receptors 
with  CAS  family  members  and  integrin 
signaling  cascades  (Fig.  2).  Yet,  based 
on  the  number  and  diversity  of  potential 
signaling  motifs  present  in  the  family 
members,  it  is  likely  that  other  binding 
partners,  mechanisms,  and  pathways 
involving  the  3  NSP  proteins  remain  to 
be  discovered.  For  example,  little  is 
known  about  the  role  of  NSP  phosphor¬ 
ylation,  which  represents  an  additional 
putative  regulatory  aspect  for  the  NSP 
family.  Multiple  phosphorylation  sites 
have  been  identified,  mostly  in  the 
amino-terminal  half  of  all  3  NSP  pro¬ 
teins,  in  normal  and  cancer  cells80, 81,86,88' 
91  (phosposite.org)  (Fig.  1).  The  tyrosine- 
phosphorylated  motifs  likely  result  from 
the  activity  of  SRC,  ABL,  and  receptor 
tyrosine  kinases,  and  presumably  some 
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of  them  serve  as  binding  sites  for  pro¬ 
teins  containing  SH2  or  PTB  domains. 
For  example,  sequence-based  predic¬ 
tions  suggest  that  the  ABL  kinase  SH2 
domain  may  bind  to  NSP3  (scansite.mit. 
edu).  Furthermore,  the  NSP  amino- 
terminal  segments  and  proline/serine- 
rich  regions  contain  multiple  serine/ 
threonine-proline  (S/TP)  motifs  that 
are  likely  phosphorylated  by  proline- 
directed  kinases  such  as  ERK86,92 
(scansite.mit.edu).  Additionally,  AMP 
kinase  is  predicted  to  phosphorylate 
several  serines  in  NSP1  (scansite.mit 
.edu).  A  number  of  serine/threonine- 
phosphorylated  motifs  in  all  3  NSP  pro¬ 
teins  are  also  predicted  to  bind  14-3-3 
proteins. 

Consistent  with  promoting  CAS  sig¬ 
naling  and  cancer  malignancy,  many 
studies  have  shown  that  NSP  proteins 
can  enhance  SRC  activity  and  CAS  tyro¬ 
sine  and  serine  phosphorylation  in  a 
variety  of  cell  culture  and  in  vivo  sys¬ 
tems. 2 1’79,89’93"99  The  amino-terminal  half 
of  the  NSP  proteins,  including  the  SH2 
and  proline/serine-rich  domains,  seems 
to  be  required  to  enhance  CAS  phos¬ 
phorylation.21,94,96,98’99  CAS-dependent 
signaling  involving  CRK  and  PI3  kinase 
likely  accounts  for  the  ability  of  all  3 
NSP  proteins  to  activate  RAC1  and  the 
other  RHO  family  GTPase,  CDC42,  as 
well  as  AKT93,100-103  (Fig.  2).  Further¬ 
more,  overexpression  of  NSP1  and 
NSP3  has  been  shown  to  activate  the 
RAC  1  downstream  effector  JNK 1 . 8 1 ,86, 1 04 

All  3  NSP  family  members  can  also 
increase  CAS  protein  levels,  which 
likely  further  potentiates  CAS  signal¬ 
ing.96,103  Although  the  underlying 
mechanism  for  NSP-dependent  CAS 
stabilization  is  not  known,  an  interesting 
possibility  is  that  NSP  binding  might 
prevent  the  association  with  ubiquitin 
ligases  that  also  interact  with  the  CAS 
carboxy-terminal  FAT  domain,14,15 
thereby  reducing  CAS  proteolytic  deg¬ 
radation.  Overall,  we  are  only  beginning 
to  understand  the  signaling  pathways 
and  functions  of  NSP  proteins  and  their 
CAS  complexes  in  cancer  development 
and  progression.  Current  information  on 


each  family  member  is  outlined  in  the 
next  sections. 

NSP  I  (SH2D3A).  NSP1  was  first  iden¬ 
tified  from  a  database  of  human- 
expressed  sequence  tags  as  a  new  SH2 
domain-containing  protein.81  NSP1  is 
the  shortest  member  of  the  family  due  to 
its  shorter  amino-terminal  and  proline/ 
serine-rich  regions  (Fig.  1)  and  appears 
to  be  a  pseudogene  in  the  mouse.78  Of  the 
3  family  members,  NSP1  has  the  most 
restricted  expression,  and  in  adult  tis¬ 
sues,  its  transcripts  are  mainly  found  in 
the  lung,  pancreas,  kidney,  and  liver.78,81 
However,  NSP1  is  present  at  substantial 
levels  in  a  variety  of  cancer  cell  lines, 
including  pancreatic  and  lung  cancer 
cells  (broadinstitute.org/ccle),  where  it 
likely  functions  downstream  of  integrins 
and  activated  receptor  tyrosine  kinases 
including  members  of  the  EGF  and  insu¬ 
lin  receptor  families.81,82  For  example, 
upon  EGF  stimulation  of  COS  cells, 
NSP1  binds  to  the  EGF  receptor  and 
becomes  phosphorylated  on  2  of  its  3 
tyrosines.81  Both  tyrosine  and  serine/ 
threonine  phosphorylation  sites  have 
also  been  detected  for  NSP1  by  mass 
spectrometry  in  human  tumors  and  can¬ 
cer  cell  lines,  most  frequently  in  lung 
cancers  (phosphosite.org)  (Fig.  1).  This 
suggests  a  role  for  NSP1  in  lung  cancer, 
although  the  functional  consequences  of 
NSP1  phosphorylation  are  not  yet 
known.  Interestingly,  upregulation  of 
NSP1  expression  has  been  reported  as 
part  of  the  gene  expression  signature  of 
“KRAS-addicted”  lung  and  pancreatic 
cancers,  suggesting  that  NSP1  could 
contribute  to  KRAS  transformation  and 
serve  as  a  biomarker  for  KRAS-depen- 
dent  tumors.105  Furthermore,  NSP1  over¬ 
expression  in  MCF7  breast  cancer  cells 
moderately  increases  BCAR1  tyrosine 
phosphorylation  and  the  appearance  of  a 
serine-phosphorylated  form  of  BCAR1 
with  reduced  electrophoretic  mobility.94 
Although  NSP1  overexpression  in  breast 
cancer  cells  also  activates  RAC1, 
CDC42,  and  AKT,  these  signaling  activi¬ 
ties  do  not  seem  sufficient  to  confer 
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resistance  to  antiestrogens. 


BCAR3.  The  BCAR3  gene  encodes  at 
least  2  protein  isoforms  that  differ  in  the 
amino-terminal  segment  preceding  the 
SH2  domain,78  but  only  the  longer  iso¬ 
form  of  825  amino  acids  has  been  stud¬ 
ied  so  far.  BCAR3  mRNA  is  widely 
expressed  in  most  human  tissues78,106 
and  in  cell  lines  from  most  types  of 
cancers,  with  lowest  levels  in  leukemias 
and  lymphomas  (broadinstitute.org/ 
ccle)  despite  the  expression  of  BCAR3 
in  normal  B  cells.100  In  cell  lines  from 
breast,  ovarian,  and  endometrial  can¬ 
cers,  BCAR3  mRNA  expression  seems 
to  be  inversely  correlated  with  estrogen 
receptor  expression.103,106  In  addition, 
BCAR3  tyrosine-phosphorylated  pep¬ 
tides  have  been  detected  by  mass  spec¬ 
trometry  in  many  cancers,  with  a 
preponderance  in  lung  cancer  (phospho- 
site.org).  The  widespread  expression 
and  phosphorylation  of  BCAR3  in  can¬ 
cer  cells  suggest  a  role  in  many  cancer 
types.  Although  the  involvement  of 
BCAR3  in  lung  cancer  has  not  yet  been 
investigated,  a  number  of  studies  have 
characterized  its  role  in  breast  cancer. 

BCAR3  exerts  a  profound  influence 
on  various  aspects  of  breast  cancer 
malignancy.  It  was  first  identified  in  the 
same  screen  for  proteins  conferring  anti¬ 
estrogen  resistance  that  also  identified 
the  CAS  protein  BCAR1.106  Later  stud¬ 
ies  revealed  that  BCAR3-BCAR1  com¬ 
plexes  are  more  evident  in  more 
aggressive  and  estrogen  receptor¬ 
negative  breast  cancer  cell  lines,  where 
BCAR1  signaling  is  known  to  promote 
survival,  migration,  and  invasive¬ 
ness.39,94,99,103,107  Multiple  pathways 
involved  in  cell  proliferation  and  sur¬ 
vival  could  contribute  to  BCAR3- 
induced  estrogen  independence  in  breast 
cancer  cells.108  The  ability  of  BCAR3  to 
promote  proliferation  of  estrogen- 
dependent  breast  cancer  cells  in  the 
presence  of  antiestrogens  requires  both 
the  SH2  and  CDC25  homology  domains, 
suggesting  that  this  depends  on  its  abil¬ 
ity  to  link  cell  surface  receptors  with 
CAS  signaling  networks102  (Fig.  2).  A 
critical  event  for  the  antiestrogen  resis¬ 
tance  phenotype  is  RAC1  activation, 
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which  occurs  downstream  of  FAK- 
CAS-PI3  kinase  as  well  as  CAS-CRK- 
DOCK180  pathways,  leading  to 
increased  cyclin  D1  levels  through  the 
downstream  kinase  PAK1.101,102  AKT 
activation  downstream  of  PI3  kinase 
may  also  contribute  to  BCAR3 -dependent 

•  •  102  109 

antiestrogen  resistance.  ’ 

Another  key  role  of  BCAR3  likely 
contributing  to  estrogen-independent 
growth  involves  increasing  the  activity  of 
SRC  recruited  to  BCAR1,  thus  leading  to 
not  only  phosphorylation  of  the  BCAR1 
substrate  domain  and  subsequent  CRK- 
RAC1  signaling21’37,89’99,101,102  but  likely 
also  other  SRC-dependent  activi¬ 
ties.108,110"112  Interestingly,  endogenous 
BCAR3  has  also  been  found  to  mediate 
some  of  the  proliferative  effects  of  the 
EGF  receptor  in  the  nontransformed 
MCF12A  human  breast  cell  line,  suggest¬ 
ing  that  a  similar  cross-talk  with  the  EGF 
receptor  might  also  play  a  role  in  breast 
cancer  cell  proliferation  and  antiestrogen 
resistance.83,107,110  Remarkably,  although 
all  3  NSP  family  members  can  promote 
RAC1,  CDC42,  and  AKT  activation 
when  overexpressed  in  breast  cancer 
cells,  only  BCAR3  can  increase  cyclin 
D1  levels  and  promote  robust  antiestro¬ 
gen  resistance.  BCAR3  is  also  the  most 
effective  of  the  NSP  proteins  in  inducing 
BCAR1  and  NEDD9  tyrosine  and 
serine  phosphorylation.94,98,99,107  Hence, 
BCAR3  appears  to  have  stronger  signal¬ 
ing  abilities  and/or  additional  distinctive 
signaling  functions  that  promote  breast 
cancer  cell  malignancy.99,103 

Estrogen  independence  is  typically 
accompanied  by  a  pronounced  mesen¬ 
chymal  and  invasive  breast  cancer  cell 
phenotype.111,113,114  Interestingly,  besides 
enabling  growth  in  the  presence  of  anti¬ 
estrogens,  BCAR3  promotes  mesenchy¬ 
mal  attributes  as  well  as  cell  spreading, 
migration,  and  invasiveness.  These  are 
also  critical  aspects  of  cancer  malig¬ 
nancy  that  encompass  the  core  features 
of  NSP-CAS-CRK  signaling  (Fig.  2). 
For  example,  BCAR3  overexpression  in 
the  less  aggressive,  more  epithelial-like 
MCF7  and  T47D  breast  cancer  cells 
decreases  E-cadherin  localization  at 


cell-cell  junctions  with  concomitant  dis¬ 
ruption  of  junctional  integrity  and 
increased  fibronectin  production.98,103,107 
BCAR3  also  promotes  the  formation  of 
membrane  ruffles  and  cell  protrusion, 
which  are  hallmarks  of  increased  RAC  1 
signaling  and  a  migratory  pheno¬ 
type.98,103,107  Indeed,  BCAR3  can  cause 
BCAR1  relocalization  from  focal  con¬ 
tacts  to  membrane  ruffles  and  cell  pro¬ 
trusions  (where  BCAR3  is  also 
enriched),  thus  positioning  BCAR1  for 
the  promotion  of  cell  migration  and 
invasiveness.89,99,107  Conversely,  siRNA- 
mediated  downregulation  of  BCAR3  in 
the  more  aggressive  MDA-MB-23 1  and 
BT549  breast  cancer  cells  leads  to  a  less 
malignant  phenotype,  including  a 
decrease  in  SRC  activation,  BCAR1 
tyrosine/serine  phosphorylation,  and 
BCAR1  association  with  CRK  accom¬ 
panied  by  a  transition  from  a  mesenchy¬ 
mal  to  a  more  epithelial-like  morphology 
as  well  as  defects  in  cell  spreading, 
migration,  and  invasiveness.21,94,107 

NSP3  (SH2D3C).  NSP3  was  indepen¬ 
dently  identified  as  an  NSP1  family 
member,81  as  a  protein  that  interacts 
with  the  EPHB2  receptor  tyrosine 
kinase,80  and  as  an  antigen  that  localizes 
at  cell-cell  junctions.86  Its  2  shorter  iso¬ 
forms  of  702  to  703  amino  acids  are 
widely  expressed,78,81,86  whereas  its  lon¬ 
ger  isoform  of  860  amino  acids  is  preva¬ 
lent  in  hematopoietic  cells  (Fig.  1). 
NSP3  is  the  only  family  member  with  a 
carboxy-terminal  PDZ  domain-binding 
motif,  which  mediates  association  with 
the  adaptor  protein  CARD  1 1  /C ARMA. 1 1 5 
CARD  11  is  a  positive  regulator  of  anti¬ 
gen  receptor  signaling  in  B  and  T  cells 
and  forms  a  signalosome  with  the  NFkB 
activators  BCL10  and  MALT1,  whose 
deregulation  has  been  linked  to  lym¬ 
phoma  development.116 

NSP3  mRNA  is  most  highly 
expressed  in  the  brain,  lung,  blood  ves¬ 
sels,  and  immune  cells.78,81,86  Its  tran¬ 
scripts  are  also  preferentially  expressed 
in  lymphoma  and  leukemia  cell  lines, 
and  thus,  NSP3  seems  to  have  comple¬ 
mentary  expression  with  BCAR3  in 


cancer  cell  lines  (broadinstitute.org/ 
ccle).  Increased  NSP3  protein  expres¬ 
sion  has  also  been  reported  in  gastric 
cancers,117  and  NSP3-phosphorylated 
peptides  have  been  detected  by  mass 
spectrometry  in  leukemias,  lymphomas, 
and  lung  cancers  (phosphosite.org),  sug¬ 
gesting  an  involvement  in  these  malig¬ 
nancies.  Indeed,  NSP3  has  been  shown 
to  be  tyrosine  phosphorylated  down¬ 
stream  of  the  BCR-ABL  oncogene  and 
may  function  in  concert  with  NEDD9  in 
BCR-ABL-transformed  cells.16,88 

Although  the  role  of  NSP3  in  chronic 
myelogenous  leukemia  and  other  hema¬ 
tological  cancers  has  not  yet  been  investi¬ 
gated,  its  activities  in  B  and  T  cells 
suggest  potential  functions  in  tumorigen- 
esis.  The  long  NSP3  isoform  has  been 
implicated  in  B-cell  development  and 
function.95,118  In  fact,  NSP3  knockout 
mice  almost  completely  lack  a  population 
of  B  cells  in  the  spleen  known  as  mar¬ 
ginal-zone  B  cells.  Furthermore,  the 
knockout  B  cells  have  defects  in  NEDD9 
serine  phosphorylation  and  B-cell  migra¬ 
tion  in  response  to  cytokines,  although  no 
major  defects  have  been  observed  in 
NSP3  knockout  T  cells.  Nevertheless, 
several  observations  point  to  a  potential 
role  of  NSP3  in  T-cell  malignancies.  One 
is  the  impairment  of  T-cell  migration  in 
culture  and  homing  to  peripheral  tissues 
in  vivo  upon  siRNA-mediated  downregu¬ 
lation  of  NSP3. 77,79  Interestingly,  NSP3 
membrane  localization  driven  by  the 
unique  amino-terminal  segment  of  the 
long  isoform  induces  the  NEDD9  serine 
phosphorylation,  RAP1  activation,  and 
integrin-mediated  adhesion  underlying 
T-cell  migration.  An  additional,  albeit 
controversial,  factor  is  the  increased  pro¬ 
duction  of  interleukin-2  (a  hallmark  of 
T-cell  activation)  upon  overexpression  of 
the  long  NSP3  isoform  in  the  Jurkat 
T-cell  leukemia  cell  line.77,104,115  This 
effect  of  NSP3  on  interleukin-2  was  con¬ 
nected  to  JNK1  activation  through 
NEDD9  and  the  FAK-related  PYK2 
kinase  as  well  as  association  with  the 
PDZ  domain  of  CARD  1 1 . 

Similar  to  the  long  isoform,  a  direct 
involvement  of  the  shorter  NSP 3 
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isoforms  in  cancer  malignancy  has  yet  to 
be  proven.  However,  NSP3  activities 
downstream  of  cell  surface  receptors 
may  play  a  role  in  tumor  angiogenesis  as 
well  as  cell  migration  and  invasiveness, 
which  are  key  factors  in  cancer  develop¬ 
ment  and  progression.  A  potential  role  in 
tumor  angiogenesis  is  suggested  by  the 
expression  and  phosphorylation  of 
NSP3  in  cultured  endothelial  cells  and  in 
the  vasculature  of  mouse  mammary 
tumors  and  MDA-MB-23 1  breast  cancer 
xenografts  grown  in  nude  mice78  (phos- 
phosite.org).  However,  NSP3  knockout 
mice  do  not  exhibit  obvious  vascular 
defects,  raising  the  possibility  of  a 
redundancy  with  BCAR3  or  of  residual 
activities  of  a  truncated  NSP3  form  pres¬ 
ent  in  at  least  1  of  the  2  reported  NSP3 
knockout  mouse  lines.78,96,97  NSP3  also 
interacts  with  the  EPHA4  and  EPHB2 
receptor  tyrosine  kinases  through  its  SH2 
domain  and  can  be  phosphorylated  on 
tyrosine  residues  downstream  of  EPHB2 
and  the  EGF  receptor.80,90  Additionally, 
EGF  and  NGF  stimulation  in  PC  12 
pheochromocytoma  cells  and  T-cell 
receptor  stimulation  in  primary  mouse  T 
cells  cause  an  upward  electrophoretic 
mobility  shift  in  NSP3,  whose  appear¬ 
ance  is  prevented  by  the  ERK  pathway 
inhibitor  PD98059,  consistent  with  the 
presence  of  multiple  potential  ERK  con¬ 
sensus  phosphorylation  sites.86,92 

Furthermore,  NSP3  localizes  to  mem¬ 
brane  ruffles  of  COS  cells  stimulated 
with  EGF  and  promotes  cell  migration 
towards  EGF.13,86,90  This  ability  is  depen¬ 
dent  on  the  interaction  with  BCAR1,  fur¬ 
ther  exemplifying  the  importance  of 
NSP-CAS  modules  in  cell  migration. 
NSP3  can  also  increase  RAP1  activity, 
integrin-mediated  cell  adhesion  and 
spreading,  and  membrane  ruffling  in 
NIH3T3  cells  through  CAS-CRK-C3G.92 
Interestingly,  more  prominent  effects 
were  observed  using  engineered  myris- 
toylated  forms  of  the  protein,  emphasiz¬ 
ing  the  importance  of  membrane 
targeting,  which  also  leads  to  SRC- 
dependent  NSP3  phosphorylation.90,92 
Finally,  NSP3  knockout  mice  show 
defects  in  the  olfactory  axons,  which 


in  vivo  are  unable  to  grow  through  the 
basal  lamina  surrounding  the  brain  (as 
needed  to  form  synapses  in  the  olfactory 
bulb)  and  in  explant  culture  have  an 
impaired  ability  to  penetrate  the  extracel¬ 
lular  matrix.97  These  findings  highlight  a 
proinvasive  role  of  NSP3  in  vivo ,  sug¬ 
gesting  a  similar  role  in  cancer  cell 
invasiveness. 

Structural  Features  of  NSP-CAS 
Complexes 

A  recent  study  has  provided  surprising 
insight  into  the  structure  and  function  of 
the  NSP  carboxy-terminal  domain.  As 
mentioned  above,  in  all  NSP  family 
members,  this  domain  has  a  sequence 
similarity  with  the  CDC25  homology 
fold  found  in  nucleotide  exchange  fac¬ 
tors  for  RAS  family  GTPases.13  The 
crystal  structure  of  the  BCAR3  carboxy- 
terminal  domain  has  indeed  confirmed 
that  a  large  portion  of  this  domain 
closely  resembles  a  prototypical  CDC25 
homology  domain13  (Fig.  3A).  How¬ 
ever,  a  segment  termed  the  “helical  hair¬ 
pin,”  which  in  enzymatically  active 
exchange  factors  inserts  into  the  RAS 
GTPase  nucleotide-binding  cleft  to  elicit 
GDP  displacement,119  is  grossly  dis¬ 
torted  in  BCAR3  (Fig.  3A).  This  region 
folds  towards  the  body  of  the  BCAR3 
domain,  thus  blocking  the  canonical 
RAS  GTPase-binding  site.  This  results 
in  a  novel  “closed”  form  of  the  CDC25 
homology  domain.  A  second  structure  of 
the  carboxy-terminal  domain  of  NSP  3  in 
complex  with  BCAR1  shows  that  NSP3 
also  shares  the  closed  conformation  of 
the  helical  hairpin  (Fig.  3 A).  Impor¬ 
tantly,  the  remodeled  hairpin  forms  the 
majority  of  the  binding  site  for  BCAR1, 
with  further  contributions  from  a 
sequence  insertion  that  is  only  found  in 
the  CDC25  homology  domains  of  the 
NSP  family.  Overall,  these  findings  and 
the  conservation  of  the  NSP-  and  CAS- 
interacting  domains  (Fig.  3B)  suggest 
that  NSP  proteins  have  repurposed  an 
enzymatic  nucleotide  exchange  factor 
domain  to  serve  as  an  adaptor  domain 
that  is  highly  specific  for  the  recruitment 


of  CAS  family  members.  In  addition,  the 
conservation  of  residues  within  the  bind¬ 
ing  interfaces  of  different  NSP  and  CAS 
proteins  suggests  that  multiple  combina¬ 
tions  of  NSP-CAS  pairs  should  be  able  to 
form  tight  signaling  associations.  Indeed, 
multiple  NSP-CAS  combinations  have 
already  been  found  to  function  in  differ¬ 
ent  signaling  contexts77,81,85,86  (Fig.  3B). 
Therefore,  the  carboxy-termini  of  all 
members  of  the  2  families  (with  the  pos¬ 
sible  exception  of  the  less  conserved 
CASS4)  enable  a  highly  promiscuous 
interaction  system,  creating  a  spectrum 
of  NSP-CAS  complexes  that  combine 
the  distinctive  signaling  features  of 
each  binding  partner  to  differentially 
modulate  cellular  processes  and  cancer 
malignancy. 

Concluding  Remarks 

The  strong  interaction  between  NSP  and 
CAS  family  proteins  suggests  that  the  2 
families  are  able  to  form  stable  com¬ 
plexes  in  which  NSP  proteins  are  critical 
modulators  of  CAS  function.  Studies 
with  BCAR1  and  NEDD9  have  demon¬ 
strated  the  paramount  importance  of 
NSP-CAS  downstream  signaling  path¬ 
ways  in  normal  physiology  and  cancer 
malignancy,  whereas  the  mechanisms  of 
upstream  NSP-CAS  regulation  are  less 
well  understood. 

CAS  and  NSP  family  proteins  can 
both  be  phosphorylated  on  tyrosine  and 
serine/threonine  residues  in  response  to 
cell  substrate  adhesion  as  well  as  cell 
stimulation  with  growth  factors  and 
cytokines.  NSP  proteins  can  potentiate 
CAS  phosphorylation  in  normal  and  can¬ 
cer  cells  through  mechanisms  that  likely 
involve  both  anchoring  CAS  proteins  to 
receptor  tyrosine  kinases  and  recruiting 
them  near  plasma  membrane-localized 
SRC.  This  highlights  their  dual  role  as 
both  adaptor  and  scaffolding  proteins 
that  can  act  in  a  positive  feedback  loop  to 
further  increase  cell  adhesion  (Fig.  2). 
The  fact  that  BCAR3,  the  long  NSP3  iso¬ 
form,  and  myristoylated  NSP3  more 
readily  induce  CAS  tyrosine  and  serine 
phosphorylation  as  compared  to  NSP  1  or 
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Figure  3.  Conserved  interaction  domains  of  NSP  and  CAS  family  members  enable  promiscuous 
interactions.  (A)  The  NSP  CDC25  homology  domain  is  in  a  “closed”  conformation  that  cannot  bind 
RAS  proteins  but  can  tightly  interact  with  CAS  proteins.  (Left)  Structure  of  the  CDC25  homology 
domain  of  the  active  exchange  factor  SOS  bound  to  its  target  GTPase,  RAS.119  (Middle)  The 
structure  of  the  carboxy-terminal  domain  of  BCAR3  reveals  that  it  also  adopts  a  CDC25  homology 
domain  fold,  but  in  a  new  closed  conformation  incapable  of  RAS  binding  and  exchange  factor 
activity.  (Right)  The  structure  of  the  NSP3-BCAR1  complex  reveals  that  the  carboxy-terminal  domain 
of  NSP3  also  adopts  the  closed  conformation  observed  for  BCAR3.  The  altered  conformation 
enables  strong  interaction  with  the  carboxy-terminal  FAT  domain  of  the  CAS  family  protein  BCAR1 
to  form  an  NSP-CAS  complex,  thus  converting  the  exchange  factor  domain  into  an  adaptor 
domain.  (B)  Surface  representations  of  BCAR1 ,  BCAR3,  and  NSP3  structures  solved  by  X-ray 
crystallography,13  and  models  of  NSP1 ,  NEDD9,  and  EFS.  The  carboxy-terminus  of  CASS4  was 
not  modeled  due  to  its  greater  degree  of  sequence  divergency  from  the  structurally  characterized 
BCAR1 .  Colors  indicate  interface  residue  types  identified  in  the  NSP3-BCAR1  complex  and  the 
corresponding  residues  for  the  other  family  members.  The  color  coding  of  interface  residues 
highlights  the  similarities  in  the  binding  interfaces  of  NSP  or  CAS  family  members  and  thus  the 
potential  for  promiscuous  interactions  between  the  2  families  (with  the  possible  exception  of  the 
less  conserved  CASS4).  Arrows  indicate  experimentally  confirmed  associations  between  NSP  and 
CAS  family  members. 

shorter  NSP3  isoforms  suggests  that  concert  with  NSP  SH2  domain  interac- 
membrane  targeting  through  the  longer  tions  with  cell  surface  receptors  to  more 
amino-terminal  segment  could  act  in  effectively  promote  CAS  signaling.  It 


will  also  be  interesting  to  investigate  if 
NSP  proteins  bound  to  the  CAS  carboxy- 
terminal  FAT  domain  function  together 
with  proteins  bound  to  the  CAS  SH3 
domain  as  part  of  the  mechanosensory 
machinery  that  stretches  the  central  CAS 
substrate  domain,  leading  to  its  phos¬ 
phorylation  by  SRC.4,5  The  mechanisms 
and  kinases  responsible  for  NSP-induced 
CAS  family  serine  phosphorylation,  and 
whether  this  phosphorylation  may  be  a 
consequence  of  increased  substrate  adhe¬ 
sion,  also  remain  to  be  elucidated. 

The  functional  effects  of  NSP  phos¬ 
phorylation  are  also  unknown,  except 
for  phosphorylation  of  a  tyrosine  in  the 
NSP3  CDC25  homology  domain,  which 
has  been  reported  to  prevent  interaction 
with  BCAR1.90  A  special  connection 
between  NSP3  and  the  ABL  nonreceptor 
tyrosine  kinase  is  suggested  by  the 
observed  NSP3  phosphorylation  down¬ 
stream  of  the  BCR-ABL  oncogene88 
(phosphosite.org)  and  by  the  predicted 
binding  of  the  ABL  SH2  and  SH3 
domains  to  NSP3  but  also  remains  to  be 
explored. 

Further  characterizing  the  NSP-CAS 
association  will  also  help  to  understand 
the  physiological  and  pathological  activ¬ 
ities  of  the  various  family  members.  For 
example,  it  will  be  important  to  know 
whether  the  binding  affinities  (which  are 
below  30  nM  for  the  BCAR3-BCAR1 
and  NSP3-BCAR1  complexes13)  differ 
depending  on  the  NSP-CAS  pair  and  if 
they  can  be  physiologically  regulated, 
for  example,  by  posttranslational  modi¬ 
fications.90  It  will  also  be  useful  to  deter¬ 
mine  the  proportion  of  each  protein 
found  in  NSP-CAS  complexes  in  the 
cellular  environment  and  clarify  the  sub- 
cellular  localization  of  the  complexes. 
Structure-based  mutations  designed  to 
affect  NSP-CAS  interaction  without 
causing  overall  conformational  changes 
will  be  instrumental  for  these  investiga¬ 
tions.13  These  types  of  studies  have  con¬ 
firmed  the  importance  of  NSP-CAS 
complexes  in  processes  such  as  the 
induction  of  CAS  tyrosine  phosphoryla¬ 
tion  and  regulation  of  cell  morphology 
and  migration.13,90’98’99  Additionally,  the 
effects  of  BCAR3  carboxy-terminal 
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deletions  support  the  importance  of 
the  CDC25  homology  domain  and  the 
NSP-CAS  association  in  antiestrogen 
resistance,  SRC  activation,  CAS  relocal¬ 
ization  to  membrane  ruffles,  and  cell 
migration.89’101 

According  to  some  recent  reports, 
however,  substantial  impairment  of 
NSP-CAS  association  by  single  amino 
acid  changes  does  not  seem  to  impact 
NSP  protein-dependent  SRC  and  RAC1 
activation  and  antiestrogen  resistance 
induced  by  BCAR3  overexpression.89,98 
Further  work  will  be  needed  to  resolve 
these  discrepancies.  Furthermore,  dele¬ 
tion  of  the  CDC25  homology  domain 
has  demonstrated  that  at  least  some 
BCAR1  serine  phosphorylation  events 
do  not  seem  to  require  interaction  with 
NSP  proteins.94  On  the  other  hand,  gene 
transcription  analyses  and  pathway  acti¬ 
vation  mapping  have  revealed  that  over¬ 
expression  of  BCAR3  or  BCAR1 
activates  signaling  networks  that  have 
not  only  common  elements  but  also  dis¬ 
tinctive  features.109,120  Taken  together, 
these  findings  highlight  the  complexi¬ 
ties  in  the  activities  of  NSP  and 
CAS  proteins  and  their  modules,  which 
remain  to  be  further  unraveled  in  future 
studies. 

In  summary,  the  role  of  NSP  and  CAS 
proteins  in  cancer  appears  to  depend  on 
their  protein  abundance  and  phosphoryla¬ 
tion  state  and  possibly  on  the  particular 
family  member  or  isoform  expressed. 
Although  BCAR1,  BCAR3,  and  SRC 
mRNA  levels  may  not  show  a  positive 
correlation  with  aggressiveness  or  poor 
responsiveness  to  tamoxifen  therapy,121 
BCAR1  protein  levels  in  breast  cancer 
samples  correlate  with  prognosis  and 
could  be  useful  to  decide  on  treatment 
options.53,54  Screening  for  BCAR1  phos¬ 
phorylation  levels  could  be  even  more 
powerful.55,56  On  the  other  hand,  only  a 
few  mutations  have  been  identified  so  far 
in  each  of  the  3  NSP  genes  as  well  as  in 
BCAR1  and  NEDD9  in  different  types  of 
cancers  (sanger.ac.uk/cosmic),  and  no 
information  is  yet  available  on  the  func¬ 
tional  effects  of  the  mutations  or  their  rel¬ 
evance  to  cancer  development  and 
malignancy.  With  regard  to  therapy, 


siRNA-based  strategies  will  allow  the 
reduction  of  NSP-CAS  complexes  and 
their  malignant  activities.  Furthermore, 
better  understanding  of  NSP-CAS  signal¬ 
ing  mechanisms  will  enable  effective  tar¬ 
geting  of  enzymatic  activities  associated 
with  the  complex  or  disruption  of  interac¬ 
tions  with  upstream  regulators  and  down¬ 
stream  effectors.  Developing  agents  that 
can  disrupt  NSP-CAS  complexes  will  be 
more  challenging  due  to  the  large  inter¬ 
face  and  strong  binding  between  the  2 
classes  of  molecules. 

An  article  published  after  submission 
of  this  review122  reports  that  BCAR3 
recruits  BCAR1  to  integrin-mediated 
focal  adhesions  by  binding  through  its 
SH2  domain  to  a  tyrosine  phosphorylated 
sequence  of  the  receptor-like  protein 
tyrosine  phosphatase  a  (PTPa).  This  leads 
to  BCAR1  phosphorylation  by  SRC  and 
downstream  signals  that  promote  cell 
migration 
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NSP-Cas  protein  structures  reveal  a  promiscuous 
interaction  module  in  cell  signaling 

Peter  D  Mace1,  Yann  Wallez2,  Malgorzata  K  Dobaczewska1,  JeongEun  J  Lee1,  Howard  Robinson3, 
Elena  B  Pasquale2,4  &  Stefan  J  Riedl1 


Members  of  the  novel  SH2-containing  protein  (NSP)  and  Crk-associated  substrate  (Cas)  protein  families  form  multidomain 
signaling  platforms  that  mediate  cell  migration  and  invasion  through  a  collection  of  distinct  signaling  motifs.  Members  of 
each  family  interact  via  their  respective  C-terminal  domains,  but  the  mechanism  of  this  association  has  remained  enigmatic. 

Here  we  present  the  crystal  structures  of  the  C-terminal  domain  from  the  NSP  protein  BCAR3  and  the  complex  of  NSP3  with 
pi  30Cas.  BCAR3  adopts  the  Cdc25-homology  fold  of  Ras  GTPase  exchange  factors,  but  it  has  a  'closed'  conformation  incapable 
of  enzymatic  activity.  The  structure  of  the  NSP3-p1 30Cas  complex  reveals  that  this  closed  conformation  is  instrumental  for 
interaction  of  NSP  proteins  with  a  focal  adhesion-targeting  domain  present  in  Cas  proteins.  This  enzyme-to-adaptor  conversion 
enables  high-affinity,  yet  promiscuous,  interactions  between  NSP  and  Cas  proteins  and  represents  an  unprecedented  mechanistic 
paradigm  linking  cellular  signaling  networks. 


The  integration  of  signals  triggered  by  diverse  stimuli  is  essential  for 
cell  communication  in  higher  organisms  and  is  achieved  primarily 
through  the  assembly  of  multiprotein  signaling  nodes.  The  Cas  and 
NSP  families  form  one  such  class  of  signaling  nodes  and  correspond¬ 
ingly  harbor  multiple  protein -protein  interaction  domains  and  motifs 
that  mediate  association  with  many  cell  signaling  factors.  This  allows 
them  to  function  as  mediators  that  integrate  signals  emanating  from 
cell  adhesion  and  environmental  stimuli  to  promote  cell  migration, 
adhesion  and  invasion.  Dysregulation  of  signaling  through  Cas  and 
NSP  proteins  is  relevant  to  a  spectrum  of  disease  processes,  particu¬ 
larly  tumor  progression  and  cancer  metastasis. 

[•T*w  The  complexity  of  NSP-Cas  functions  is  exemplified  by  two  promi- 
BJ  nent  family  members,  pl30Cas  and  the  NSP  protein  BCAR3,  which 
also  confer  antiestrogen  resistance  in  breast  cancer1,2.  Firmly  embed¬ 
ded  in  the  Src-Crk  signaling  axis,  pl30Cas  interacts  with  more  than 
a  dozen  signaling  factors  in  addition  to  Src  family  kinases  and  Crk, 
including  FAK,  PYK2,  FRNK,  RapGEFl,  Aurora  kinase  A,  PI3K, 
NMP4,  NCK1  and  SHIP2  (reviewed  in  ref.  3).  BCAR3  is  associated 
with  enhanced  PI3K  activity  downstream  of  growth  factor  receptors 
and  with  subsequent  activation  of  Rac,  Cdc42,  AKT  and  PAK1  (ref.  4). 
pl30Cas  and  BCAR3  also  bind  directly  to  each  other5,  thereby  linking 
their  respective  signaling  networks  to  form  a  platform  that  mediates 
migratory  signaling.  In  addition  to  BCAR3,  pl30Cas  can  also  interact 
with  NSP  family  members  NSP3  and  NSP1  (refs.  6,7).  BCAR3  also 
interacts  with  HEF1  (Cas-L)  in  addition  to  pl30Cas8.  Further  com¬ 
binations  are  created  by  association  of  NSP  family  members  NSP3 
and  NSP1  with  Cas  proteins  Cas-L  and  Efs,  increasing  the  diversity 


of  NSP-Cas  signaling  networks9-11.  NSP  and  Cas  family  proteins  can 
therefore  propagate  class-specific  but  promiscuous  combinatorial 
networks,  which  are  essential  to  their  diverse  functions  in  special¬ 
ized  cellular  processes.  The  effect  of  aberrant  NSP-Cas  signaling  is 
manifested  in  a  range  of  disease  processes.  pl30Cas  and  BCAR3  exert 
a  concerted  effect  in  cancer12,13,  whereas  the  NSP3  (SHEPl)-Cas-L 
signaling  node  is  crucial  for  B-cell  migration  and  maturation9,11. 
Additionally,  the  NSP3-pl30Cas  module  is  essential  in  neuronal  cells 
for  proper  olfactory  development,  and  its  absence  causes  a  pheno¬ 
type  reminiscent  of  the  human  developmental  disorder  Kallmann 
syndrome14.  These  examples  underline  the  importance  of  distinct 
NSP-Cas  modules  in  cellular  processes  that  require  integration  of 
adhesion  and  chemotactic  stimuli. 

Although  the  respective  C-terminal  domains  of  Cas  and  NSP  pro¬ 
teins  are  fundamental  to  their  interaction  (Supplementary  Fig.  la)7, 
it  is  unclear  at  the  molecular  level  how  different  family  members  can 
interact  in  this  class-specific  yet  promiscuous  manner.  Moreover,  the 
predicted  nature  of  the  C-terminal  Cas  and  NSP  domains  suggests 
an  interaction  mechanism  that  has  not  previously  been  observed. 
The  NSP-binding  portion  of  Cas  proteins  has  been  proposed  to 
assume  a  focal  adhesion  targeting  (FAT)  domain-like  fold,  whereas 
the  C-terminal  domain  of  NSP  proteins  shares  weak  homology  with 
Cdc25-homology  domains  (Cdc25-hd)  found  in  GTPase  exchange 
factors15,16.  However,  the  molecular  mechanism  of  a  direct  Cdc25-hd- 
FAT  interaction  is  currently  without  precedent,  and  the  question 
of  how  this  influences  the  putative  activities  of  each  domain  while 
mechanically  linking  NSP  and  Cas  signaling  remains  outstanding. 
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To  elucidate  the  molecular  features  enabling  the  formation  of 
Cas-NSP  signaling  modules,  we  solved  the  crystal  structures  of  the 
C-terminal  region  of  unbound  human  BCAR3  and  of  the  complex 
between  human  NSP3  and  pl30Cas.  These  structures,  in  combination 
with  our  biochemical  and  biological  analyses,  show  that  the  Cdc25- 
homology  domain  present  in  NSP  proteins  has  evolved  as  an  adaptor 
domain  based  on  an  enzymatic  fold  used  in  RasGEFs.  This  NSP  struc¬ 
ture  tightly  binds  the  FAT  domain  of  Cas  proteins  using  an  extended 
interface.  Furthermore,  the  class-specific  interaction  patterns  we 
observed  in  the  NSP3  and  pl30Cas  interfaces  are  conserved  among 
the  members  of  both  families.  As  a  result,  NSP  and  Cas  proteins  can 
promiscuously  interact  with  each  other  to  form  various  combinations 
of  signaling  modules  that  regulate  cellular  processes. 

RESULTS 

BCAR3  has  an  unconventional  Cdc25-homology  domain 

To  shed  light  on  NSP  protein  signaling,  we  carried  out  structural  and 
mechanistic  investigations  of  the  C-terminal  domain  of  the  best- 
characterized  family  member,  BCAR3.  After  testing  various  con¬ 
structs,  we  generated  a  soluble  BCAR3  C-terminal  domain  (residues 
502-825)  with  properties  suitable  for  biochemical  and  structural 
investigation.  Extensive  screening  of  crystallization  conditions  led 
to  well-diffracting  BCAR3  crystals,  which  allowed  us  to  solve  the 
structure  of  BCAR3  at  a  resolution  of  2.4  A  (Fig.  la  and  Table  1). 
The  crystal  structure  contains  four  molecules  of  BCAR3  in  the 
asymmetric  unit,  which  overlay  with  high  fidelity  (r.m.s.  deviation 
range  0.24-0.45  A).  The  BCAR3  structure  reveals  a  Ras-type  GDP 
exchange  factor  architecture  with  unexpected  modifications  that 
clarify  earlier  contradictory  findings  about  NSP  proteins.  BCAR3 
adopts  the  overall  fold  of  the  Cdc25-homology  domain  structures 
solved  so  far  with  r.m.s.  deviation  values  between  the  BCAR3  core 
and  SOS,  EPAC2  or  RasGRFl  of  2.18  A,  2.35  A  and  2.19  A,  respec¬ 
tively17-19  (Supplementary  Fig.  lb).  However,  BCAR3  shows 
marked  deviations  in  two  distinct  regions  that  lead  to  an  unusual 
closed  arrangement  of  the  Cdc25-homology  domain  (Fig.  1  and 
Supplementary  Fig.  2).  In  detail,  helices  och  and  oq  (nomenclature 
derived  from  SOS17)  each  bend  -60°  in  orthogonal  directions  relative 
to  their  known  GEF  counterparts  (Fig.  lc,d).  Helix  ocb  is  also  mark¬ 
edly  shorter  in  BCAR3  than  in  other  Cdc25-homology  domains, 
and  hydrophobic  interactions  by  Feu713,  Val714  and  Feu716  cause 
the  helix  to  be  buried  between  ocb  and  ocP  Helix  oq  is  broken  into  two 
portions  (oq  and  oq*,  Supplementary  Fig.  2),  with  folding  toward 
the  C  terminus  of  af  in  the  Cdc25 -homology  domain  core,  achieving 
the  closed  BCAR3  conformation  (Fig.  1).  The  second,  markedly  dif¬ 
ferent  region  comprises  residues  565-592.  This  ‘NSP-specific  region 
adopts  a  conformation  that  includes  helices  ocNSPa  and  ocNSPb  and  is 
well  conserved  in  all  NSP  proteins. 

Comparison  of  the  BCAR3  structure  with  complexes  of  catalytically 
competent  Cdc25-homology  domains  bound  to  their  target  GTPases 


Figure  1  The  BCAR3  C-terminal  domain  resembles  a  Cdc25-homology 
domain  but  adopts  a  closed  conformation  incapable  of  canonical  GEF 
function,  (a)  Structure  of  BCAR3  Cas  interaction  domain.  C-terminal 
domain  of  NSP  BCAR3  (blue)  with  rearranged  NSP-specific  structural 
elements  indicated  (red),  (b)  SOS  (green)  in  complex  with  H-Ras  (gray; 
PDB  1BKD)17.  (c)  Structure  of  closed  ‘helical  hairpin’  in  BCAR3  with  2 F0 
-  Fc  electron  density  map  (contoured  to  1  a)  shown  from  two  orthogonal 
directions,  (d)  Helical  hairpins  of  SOS,  EPAC2  and  RasGRFl.  Orientations 
are  as  in  c.  (e)  Schematic  of  conformations  of  closed  BCAR3  compared 
with  a  canonical  open  GEF  conformation,  (f)  GDP  release  assay.  In  vitro 
mantGDP  release  from  RaplA,  a  putative  GTPase  target  for  BCAR3,  in 
the  presence  of  BCAR3,  C3G  or  EDTA. 


showed  that  BCAR3  assumes  a  conformation  incompatible  with  classical 
GEF  function  because  its  GTPase-binding  site  is  completely  occluded 
(Fig.  le  and  Supplementary  Fig.  3a).  This  occlusion  is  mainly 
achieved  by  the  closed  conformation  of  helix  oq  and  its  preceding 
linker  comprising  BCAR3  residues  718-736.  In  active  open  Cdc25- 
homology  domains,  helices  och  and  oq  form  a  hairpin  structure  (Fig.  1) 
that  is  crucial  for  activity  because  it  displaces  the  switch  1  region  of 
target  GTPases17,20.  In  fact,  even  slight  conformational  adjustments 
in  this  hairpin  have  substantial  effects  on  exchange  activity19,21.  Thus, 
the  marked  changes  observed  in  BCAR3  suggest  a  considerable  func¬ 
tional  redirection  of  crucial  GEF  catalytic  elements. 

Closed  BCAR3  lacks  catalytic  activity  in  vitro 

To  validate  our  structural  observations  and  gain  further  insight  into 
the  functional  properties  of  the  BCAR3  C-terminal  domain,  we  exam¬ 
ined  its  ability  to  promote  nucleotide  exchange  in  vitro ,  which  has 
been  controversial  in  the  literature5,16,22-24.  Using  BCAR3502_825,  we 
assessed  the  ability  of  BCAR3  to  induce  GDP  release  from  its  putative 
target  GTPase,  RaplA25.  In  contrast  to  positive  controls  with  either 
EDTA  or  C3G  (a  bona  fide  GEF  for  RaplA26),  which  effectively  pro¬ 
moted  GDP  release  from  RaplA,  we  observed  no  activity  for  BCAR3 
(Fig.  If).  Furthermore,  we  detected  no  interaction  between  the 
BCAR3  Cdc25-homology  domain  and  RaplA  in  in  vitro  pull-downs 
or  isothermal  titration  calorimetry  experiments  (data  not  shown). 
We  observed  no  catalytic  activity  for  BCAR3,  in  accordance  with  the 
crystal  structure,  indicating  that  BCAR3  represents  a  noncatalytic 
adaption  of  the  Cdc25-homology  domain  fold. 

Structure  of  the  NSP3-p1 30Cas  complex 

To  further  understand  the  function  of  the  observed  closed  NSP  confor¬ 
mation  and  clarify  the  molecular  basis  of  NSP-Cas  signaling  modules,  we 
next  sought  to  obtain  the  structure  of  an  NSP-Cas  interaction  complex. 
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To  this  end,  we  extended  our  investigations 
to  the  BCAR3  relative  NSP3  (SHEP1)  and  the 
prototypical  Cas  family  member  pi 30Cas.  We 
identified  constructs  encoding  residues  382- 
703  ofNSP3  and  residues  645-870  ofpl30Cas, 
which  allowed  us  to  generate  the  individual 
protein  domains  and  complexes  of  NSP3  or 
BCAR3  bound  to  pl30Cas  (Supplementary 
Fig.  3b, c).  After  extensive  crystallization  tri¬ 
als  using  both  complexes,  we  solved  the  crys¬ 
tal  structure  of  NSP3  bound  to  pl30Cas  at  a 
resolution  of  2.5  A  (Fig.  2  and  Table  1).  The 
asymmetric  unit  of  the  crystal  contains  two 
NSP3-pl30Cas  complexes  (Supplementary 
Fig.  4),  one  of  which  is  more  clearly  defined 
by  electron  density  and  is  described  below. 

In  agreement  with  our  biochemical  character¬ 
ization  (Supplementary  Figs.  3b, c  and  5a-c), 
the  crystal  structure  shows  that  the  two 
proteins  form  a  1:1  arrangement  character¬ 
ized  by  an  extensive  binding  interface  that 
buries  1,192  A2.  This  substantial  interface 
is  in  agreement  with  isothermal  titration 
calorimetry  results,  which  support  a  very 
tight  (30  nM)  interaction  between  pl30Cas 
and  the  closely  related  NSP  protein  BCAR3 
(Supplementary  Fig.  5d). 

In  the  final  model  of  the  NSP3-pl30Cas 
complex  (Fig.  2a),  NSP3  residues  386-698 
are  well  defined  by  electron  density  with 
the  exception  of  the  loop  between  residues 
599  and  612,  which  was  not  included  in  the 
model.  The  C-terminal  domain  of  pl30Cas 

is  defined  by  electron  density  from  residues  739-872  and  adopts 
the  four-helix  bundle  fold  characteristic  of  FAT  domains.  The  struc¬ 
ture  of  NSP3  closely  resembles  a  Cdc25-homology  domain  fold 
but,  notably,  shares  the  closed  conformation  observed  for  unbound 
BCAR3.  A  comparative  backbone  r.m.s.  deviation  of  0.97  A  between 
pl30Cas-bound  NSP3  and  unbound  BCAR3  underscores  their 
close  structural  similarity  (Supplementary  Fig.  6a). 

Closed  NSP  conformation  is  instrumental  for  Cas  binding 

The  structure  of  the  NSP3-pl30Cas  complex  reveals  that  the  closed 
conformation  observed  for  the  NSP3  C-terminal  domain  is  key  in 
enabling  a  Cdc25-hd-FAT  domain  interaction  to  form  a  previously 


Table  1  Data  collection,  phasing  and  refinement  statistics 


BCAR3  native 

NSP3-pl30Cas 

native 

NSP3-pl30Cas 

SeMet 

NSP3-pl30Cas 

thimerosal 

Data  collection 

Space  group 

Cell  dimensions 

F212121 

/4i 

/4i 

/4i 

a,  b,  c  (A) 

50.23,  151.89, 

171.88,  171.88, 

172.04,  172.04, 

171.72,  171.72, 

196.50 

78.27 

79.16 

77.76 

Peak 

Peak 

Wavelength 

1.5418 

1.075 

0.9792 

1.000 

Resolution  (A) 

19.85-2.4 

29.5-2.5 

29.6-2.9 

50.0-2.6 

D 

''merge 

0.096  (0.532) 

0.071  (0.844) 

0.056  (0.697) 

0.069  (0.552) 

l/al 

13.7  (3.0) 

22.7  (3.7) 

18.4  (2.3) 

35.2  (3.6) 

Completeness  (%) 

98.7  (96.3) 

99.8(100.0) 

99.5  (98.0) 

97.1  (83.1) 

Redundancy 

5.2  (4.6) 

14.9  (14.9) 

6.2  (6.1) 

14.7  (12.0) 

Refinement 

Resolution  (A) 

19.75-2.4 

29.5-2.5 

No.  reflections 

56,380 

37,296 

^work  !  ^free 

No.  atoms 

17.4/24.4 

19.6/26.6 

Protein 

9,883 

6,532 

Ligand/ion 

41 

7 

Water 

373 

59 

F-factors 

Protein 

42.4 

100.4 

Ligand/ion 

53.7 

116 

Water 

37.5 

69.6 

R.m.s.  deviations 

Bond  lengths  (A) 

0.008 

0.008 

Bond  angles  O 

1.053 

1.064 

Values  in  parentheses  are  for  highest-resolution  shell. 


NSP3 

Cdc25-hd 


1,000  2,000 
Time  (s) 


undescribed  signaling  tether.  This  binding  interface  used  by  NSP3 
and  pl30Cas  can  be  divided  into  two  main  binding  motifs  (Fig.  3  and 
Supplementary  Fig.  7a),  which  coincide  with  the  two  regions  that 
deviate  from  the  canonical  Cdc25-homology  domain  fold  of  NSP3 
(and  BCAR3)  and  depend  on  the  closed  conformation  of  the  domain. 
In  the  first  motif,  which  we  call  site  1,  a  hydrophobic  strip  in  helix  oq 
of  NSP3  interacts  with  a  highly  complementary  surface  on  pl30Cas. 
Site  2  is  generated  by  a  distinct  region  between  ocNSPa  and  ocb  of  NSP3 
and  synergizes  with  site  1  to  generate  a  tight  signaling  interaction. 

Specifically,  in  site  1,  Val616,  Feu620  and  Leu623  on  helix  oq  pack 
into  the  hydrophobic  groove  between  a2  and  a3  of  the  pl30Cas  FAT 
domain  (Fig.  4a  and  Supplementary  Fig.  7a).  These  contacts  are 
augmented  by  charged  interactions  mediated  by  Glu617,  Glu624  and 
Arg627  of  NSP3.  In  site  2,  helix  ocNSPb  and  subsequent  residues  Glu465 
and  Leu469-Pro470-His471  interact  with  a  predominantly  hydrophobic 
groove  between  oq  and  a2  of  the  pl30Cas  FAT  domain.  Supplementing 
the  two  main  interfaces  is  a  peripheral  association  of  residues  386-388 
from  the  N  terminus  of  the  NSP3  Cdc25 -homology  domain  and  Leu596 
from  helix  ah  of  NSP3  (Fig.  3c),  which  contributes  to  a  hydrophobic 
surface  that  links  the  site  1  and  site  2  binding  motifs. 

As  we  discussed  for  BCAR3,  the  closed  NSP3  conformation  renders 
key  elements  of  the  Cdc25 -homology  domain  incapable  of  participating 


Figure  2  The  NSP3-pl30Cas  complex,  (a)  Crystal  structure  of  NSP3- 
pl30Cas  complex.  NSP3  (cyan)  and  pl30Cas  (brown)  are  shown,  with 
NSP-specific  binding  elements  colored  red.  (b)  Schematic  of  NSP3- 
pl30Cas  interaction,  (c)  NSP3  GEF  activity  assay  with  and  without 
pl30Cas  C-terminal  domain. 
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Figure  3  FAT  domain  of  pl30Cas  is  well  defined 
and  uses  a  previously  unknown  extended  binding 
mode,  (a)  pl30Cas  FAT  domain  core.  End-on 
view  of  four-helical  bundle  of  pl30Cas  (brown) 
with  hydrophobic  core  residues  displayed  in  stick 
representation  (yellow),  (b)  Backbone  overlay 
of  pl30Cas  (brown)  with  FAK  (light  blue,  PDB 
10W7)30.  (c)  Interaction  mode  used  by  FAT 
domain  of  pl30Cas  and  NSP3  compared  with 
FAK  binding  to  paxillin  LD-4  peptide  (purple). 
NSP3  elements  contributing  to  site  1  and  site  2 
binding  motifs  are  red.  Buried  surface  areas  for 
NSP3-pl30Cas  site  1,  site  2  and  FAK-paxillin  are 
indicated.  Additional  NSP3  residues  participating 
in  Cas  interaction  are  colored  cyan. 
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in  a  canonical  interaction  with  a  Ras  GTPase.  Furthermore,  the  pres¬ 
ence  of  Cas  in  the  complex  provides  even  greater  steric  hindrance  to 
such  a  hypothetical  GTPase  interaction.  To  further  validate  this  struc¬ 
tural  observation,  we  carried  out  in  vitro  nucleotide  exchange  assays 
with  both  unbound  NSP3  and  NSP3  in  complex  with  the  pl30Cas 
FAT  domain.  In  addition  to  RaplA,  we  included  Rap2A  as  a  further 
putative  target  GTPase  for  NSP3  (ref.  27).  We  did  not  detect  any 
in  vitro  exchange  activity  for  either  unbound  or  Cas-bound  NSP3 
(Fig.  2c  and  Supplementary  Fig.  6b).  This  is  in  accordance  with  our 
structural  observation  that  a  closed  conformation  of  the  NSP3  Cdc25- 
homology  domain  is  essential  for  Cas  binding. 
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Cas  extends  the  paradigm  of  FAT  domain  interactions 

In  addition  to  revealing  a  critical  adaption  in  NSP  proteins,  the  NSP3- 
pl30Cas  complex  provides  the  first  atomic-resolution  evidence  that 
the  C-terminal  domains  of  Cas  family  proteins  adopt  a  well-defined 
FAT  domain-type  four-helix  bundle.  Extensive  hydrophobic  inter¬ 
actions  in  the  core  of  the  domain  suggest  a  stable  arrangement  of 
these  helices  (Fig.  3a).  Generally,  FAT  domains  function  as  adap¬ 
tor  domains  in  focal  adhesion  signaling28,  interacting  with  binding 
partners  by  recruiting  helical  motifs  to  surface  grooves  between  their 
constituent  helices29-31.  However,  these  interactions  are  character¬ 
istically  weak29,32,  whereas  we  observed  a  Kd  in  the  low  nanomo¬ 
lar  range  for  the  binding  of  BCAR3  to  the 
FAT  domain  of  pl30Cas,  and  tight  binding 
between NSP3  andpl30Cas  (Supplementary 
Fig.  5).  Although  the  tertiary  structure  of  the 
C-terminal  domain  of  pl30Cas  is  nearly  iden¬ 
tical  to  that  of  other  FAT  domains  (Fig.  3b), 
p!30Cas  achieves  extremely  tight  binding  to 
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Figure  4  Analysis  of  NSP  family-pl30Cas 
interactions  in  vitro  and  in  vivo,  (a)  Schematic 
of  interfaces  between  NSP3  and  pl30Cas. 

(b)  Subset  of  well-expressed  NSP3  mutants 
(Cdc25-homology  domain)  were  purified  as 
H is6-tagged  proteins  and  assayed  for  ability  to 
selectively  co-purify  untagged  wild-type  (WT) 
pl30Cas  C-terminal  domain  from  Escherichia 
coli  lysates,  (c)  Coimmunoprecipitation  of 
full-length  pl30Cas  with  full-length  wild-type 
NSP3  compared  to  NSP3  interface  mutants 
L623E  and  L469R.  (d)  L744E  and  R748E 
in  BCAR3  (equivalent  to  NSP3  Leu623  and 
Arg627,  respectively)  were  examined  for 
interaction  with  Cas  after  immunoprecipitation 
with  an  antibody  to  BCAR3.  (e)  Co-purification 
of  recombinant  pl30Cas  mutants  with  NSP3, 
done  as  in  b,  but  using  pl30Cas  with  a  H is6  tag 
and  untagged  NSP3.  (f)  pl30Cas  mutants  were 
examined  for  ability  to  bind  NSP3  in  COS  cells 
by  immunoprecipitation  with  antibody  to  NSP3. 
(g,h)  Transwell  migration  assays  measuring 
NSP3-Cas  mediated  chemotaxis  toward  an 
EGF  chemoattractant.  Representative  images 
of  cells  that  relocated  from  top  to  bottom  side 
of  Transwell  filter  are  shown  in  g  (scale  bar, 

100  gm).  Histogram  quantifying  mean  eGFP 
intensity  from  transfected  cells  on  bottom  side 
of  filters  is  shown  in  h.  Values  are  mean  ±  s.d. 
of  six  microscope  field  measurements. 

* P  <  0.05;  ***p<  0.001. 
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Figure  5  NSP-Cas  modules  form  class-specific  yet  promiscuous  signaling 
nodes,  (a)  Surface  representations  of  BCAR3,  NSP3  and  pl30Cas 
structures  solved  in  this  work,  and  models  of  NSP1,  HEF1  and  Efs.  Color 
code  indicates  residue  types,  (b)  Schematic  of  NSP-Cas  signaling  nodes. 
Phosphorylation  sites  (pTyr)  are  annotated  using  http://www.phosphosite.org/, 
except  for  Efs,  which  is  based  on  reference  10.  Proline  motifs  (Pro)  for 
Src  family  kinase  binding  were  identified  manually  based  on  the  sequence 
of  each  Cas  family  protein.  PTP,  protein  tyrosine  phosphatases;  EGF, 
epidermal  growth  factor;  Eph,  ephrin  receptors;  BCR,  B-cell  receptor. 
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NSP3  by  a  previously  unknown  adaptation  of  the  FAT  domain  inter¬ 
action  mode  (Fig.  3c)  using  the  bipartite  binding  motifs  described 
above.  First,  the  NSP3-pl30Cas  interaction  at  site  1  is  accomplished 
through  a  binding  groove  between  helices  oc2  and  oc3  of  the  pl30Cas 
FAT  domain.  This  interaction  is  reminiscent  of  the  oc2-oc3  binding 
site  used  by  FAK  and  Pyk2  to  bind  paxillin30,31,  but  pl30Cas  accom¬ 
modates  a  distinctly  longer  helical  stretch  from  NSP3  and  buries  a 
substantially  greater  surface  area  of  630  A2  (Fig.  3c).  The  interaction 
at  site  2,  in  contrast,  has  not  been  observed  for  other  FAT-type  four- 
helical  bundles.  On  pl30Cas  this  interface  is  formed  by  helix  oq  and 
the  C-terminal  portion  of  helix  a2  of  the  FAT  scaffold,  and  in  concert 
with  the  extended  site  1  interface,  this  achieves  the  tight  binding  of 
the  pl30Cas  FAT  domain  to  NSP  proteins. 

Biochemistry  and  biology  of  NSP-Cas  complexes 

To  verify  our  structural  findings,  we  carried  out  extensive  biochemi¬ 
cal  and  biological  mutational  studies.  We  designed  structure-based 
mutations  to  disrupt  binding  elements  while  conserving  the  integrity 
of  the  protein  domains  (Fig.  4a).  All  NSP3,  BCAR3  and  pl30Cas 
mutant  domains  showed  expression  and  solubility  suitable  for  bind¬ 
ing  assays.  The  NSP3  R627E  site  1  mutation  or  L469R  site  2  mutation 
reduced  complex  formation  with  the  pl30Cas  FAT  domain  in  vitro , 
indicating  that  they  substantially  weaken  the  tight  interaction  (Fig.  4b 
and  Supplementary  Fig.  7b).  In  addition,  the  NSP3  L623E  site  1 
mutation  completely  abrogated  the  interaction  even  at  the  substantial 
concentrations  used  in  our  in  vitro  association  experiments  (Fig.  4b). 
In  COS  cells  the  full-length  NSP3  L623E  and  L469R  mutants  also 
efficiently  disrupted  the  complex  with  full-length  pl30Cas  when  the 
two  proteins  were  coexpressed  (Fig.  4c).  BCAR3  residues  Leu744 
and  Arg748  correspond  to  Leu623  and  Arg627  in  NSP3,  and  when 
mutated  also  effectively  disrupted  the  association  with  pl30Cas  in 
COS  cells,  confirming  that  different  NSP  proteins  use  a  conserved 
pl30Cas-binding  mode  (Fig.  4d).  Mutation  of  Arg743  in  mouse 
BCAR3,  corresponding  to  Arg748  in  human  BCAR3,  has  also  been 
independently  confirmed  to  disrupt  pi 30Cas  binding  in  recent  stud¬ 
ies16,33.  However,  our  in  vitro  results  suggest  that  mutating  Leu623 
in  NSP3  more  effectively  abrogates  binding  and  therefore  is  a  more 
potent  probe  for  dissecting  NSP3-Cas  signaling  modules.  The  potency 
of  Leu623  is  in  agreement  with  its  location  in  the  hydrophobic  core  of 
the  site  1  interaction,  near  the  hydrophobic  pair  Phe794  and  Leu787 
of  pl30Cas  (Fig.  4a).  In  contrast,  the  salt  bridge  that  Arg62 7  forms 
with  Asp797  of  pl30Cas  is  more  peripheral  to  the  interface. 

We  also  examined  interface  mutations  in  pl30Cas  for  their  ability 
to  counteract  complex  formation  with  NSP  proteins.  On  the  basis 
of  our  structural  results,  we  chose  Leu787,  Phe794  and  Asp797 
as  promising  candidates  for  mutagenesis.  Individual  mutations  of 
each  of  these  residues  (L787E,  F794R  and  D797R)  weakened  the 
in  vitro  association  of  the  pl30Cas  FAT  domain  with  the  NSP3 
Cdc25-homology  domain,  whereas  combinations  of  two  mutations 
virtually  abolished  complex  formation  (Fig.  4e  and  Supplementary 
Fig.  7c).  In  addition,  the  single  pl30Cas  L787E  and  F794R  muta¬ 
tions  markedly  reduced  association  between  full-length  p!30Cas 


p130Cas  HEF1  Efs 

Cell  adhesion,  environmental  stimuli 
FAK,  PTP,  Src  EGF,  Eph,  BCR 


Cas  family 
Substrate 
-region 


Pro  17  pTyr 
8  pTyr 
17  pTyr 
11  pTyr 


Cdc25-hd 


NSP  family 


Pro  pTyr 

p130Cas  — — 

'BCAR3 

1  pTyr 

pTyr 

Pro  pTyr 

Efs*00 

►NSP3 

4  pTyr 

1  pTyr 

-  PTyr 

? 

HEF1^~--'NNSPi 

CASS4^" 

Promiscuous  network 

2  pTyr 

1  pTyr 

Migration,  Invasion 


and  NSP3  coexpressed  in  COS  cells,  confirming  features  of  the 
NSP3-pl30Cas  complex  in  the  cellular  context  (Fig.  4f). 

To  examine  the  functional  effects  of  targeted  disruption  of  the 
NSP3-pl30Cas  module  on  cell  migration,  we  tested  the  NSP3  L623E 
mutant  in  a  Trans  well  migration  assay.  NSP3  promotes  COS  cell 
migration  toward  epidermal  growth  factor  (EGF)  as  a  chemoattractant 
in  a  Cas-dependent  manner27.  The  specific  interface  mutant  L623E 
abrogated  the  NSP3-dependent  enhancement  of  COS  cell  migration 
toward  EGF.  Cells  expressing  this  mutant  showed  migratory  ability 
toward  EGF  similar  to  that  of  cells  transfected  with  empty  vector 
control  (Fig.  4g,h).  This  emphasizes  the  role  of  NSP-Cas  module 
formation  in  linking  cell  motility  and  growth  factor  signaling  and 
demonstrates  the  use  of  structural  interface  mutations  for  investiga¬ 
tion  of  these  signaling  nodes. 

Promiscuous  yet  class-specific  NSP-Cas  interactions 

The  structures  of  BCAR3,  NSP3  and  pl30Cas  provide  not  only 
insight  into  the  C-terminal  regions  of  NSP  and  Cas  proteins  and  their 
interactions,  but  also  a  basis  for  applying  features  depicted  in  the 
wider  context  of  NSP  and  Cas  family  signaling.  To  this  end,  we  cre¬ 
ated  molecular  models  for  the  C-terminal  domains  of  the  remaining 
family  members  on  the  basis  of  sequence  profile  alignments  and  the 
crystal  structures  solved  in  this  work.  We  mapped  primary  interface 
residues  onto  these  models  and  found  that  residues  involved  in  forma¬ 
tion  of  NSP-Cas  complex  are  conserved  within  each  family  (Fig.  5a). 
In  agreement  with  this  degree  of  conservation  are  residues  that 
determine  the  core  fold  of  NSP  and  Cas  family  C-terminal  domains 
(Supplementary  Fig.  8),  whereas  remaining  surface  features  are  con¬ 
siderably  more  divergent.  This  indicates  that  all  three  NSP  family  pro¬ 
teins  have  pervasively  repurposed  an  enzymatic  fold  as  a  recruitment 
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module,  whereas  Cas  family  proteins  share  a  C-terminal  FAT  domain 
that  accommodates  the  extended  and  tight  binding  interface  observed 
in  the  NSP3-pl30Cas  complex.  This  extended  interface,  built  upon 
the  site  1  and  site  2  binding  motifs,  is  specific  to  NSP-Cas  interactions 
yet  allows  different  combinations  of  high -affinity  mechanical  link¬ 
ages  that  integrate  heterogeneous  signaling  pathways  between  the 
two  families  of  proteins. 

DISCUSSION 

NSP  and  Cas  family  proteins  interact  with  each  other  to  form  multido¬ 
main  signaling  modules.  Members  of  both  families  have  been  linked  to 
pathological  processes  such  as  breast  cancer  antiestrogen  resistance2,34 
and  metastasis  in  melanoma  and  lung  cancer35,36.  Analysis  of  an  NSP3 
knockout  mouse  line  also  suggests  that  these  proteins  maybe  involved  in 
developmental  disorders  such  as  Kallmann  syndrome14.  Here  we  provide 
the  first  crystal  structures  of  the  unbound  BCAR3  Cdc25-homology 
domain  and  the  complex  of  the  NSP3  Cdc25-homology  domain  with 
the  FAT  domain  of  the  scaffolding  protein  pi  30Cas  along  with  compre¬ 
hensive  biochemical  and  cell-based  analyses  of  these  regions. 

The  Cdc25-homology  domain  is  typically  found  in  exchange  fac¬ 
tors  for  Ras-type  small  GTPases,  which  activate  their  target  GTPases 
by  catalyzing  nucleotide  exchange.  Because  the  GTP-GDP-dependent 
cycling  of  Ras  proteins  is  essential  for  many  aspects  of  normal 
cellular  physiology  and  has  a  critical  role  in  diseases  such  as  cancer, 
Cdc25-homology  domains  have  been  the  focus  of  intense  inves¬ 
tigation.  Several  structural  studies  have  revealed  the  molecular 
mechanisms  underlying  nucleotide  exchange  by  Cdc25-homology 
domains17,19,20,  including  their  regulation  by  additional  interacting 
domains18,37  and  other  proteins  including  Ras  itself38.  In  contrast 
to  these  catalytically  active  Cdc25-homology  domains,  the  BCAR3 
Cdc25-homology  domain  adopts  an  unexpected  closed  conforma¬ 
tion  with  nearly  all  functional  elements  completely  remodeled, 
rendering  it  incapable  of  carrying  out  canonical  exchange  factor 
function.  Moreover,  the  structure  of  the  NSP3-pl30Cas  com¬ 
plex  shows  that  the  same  closed  conformation  is  essential  for  a 
tight  interaction  with  the  FAT  domain  of  pl30Cas.  Residues  at 
the  interface  between  NSP3  and  pl30Cas  partially  overlap  with 
the  interface  suggested  in  a  recent  small-angle  X-ray  scattering 
(SAXS)  study  of  the  BCAR3-HEF1  complex16.  However,  this  SAXS 
model  assumes  that  the  BCAR3  Cdc25-homology  domain  adopts 
[JO  a  classical  GEF-type  fold  similar  to  that  of  SOS,  rather  than  the 
closed  form  we  observed  in  the  crystal  structures  of  both  isolated 
BCAR3  and  NSP3  bound  to  pl30Cas.  The  complete  rearrangement 
of  the  helical  hairpin  in  NSP  proteins  markedly  modifies  the  Cdc25- 
homology  domain  and  creates  a  new  binding  surface.  Consequently, 
NSP  proteins  use  an  aberrant  enzymatic  domain  as  an  adaptor  to 
link  two  multidomain  signaling  proteins. 

Alignments  of  NSP  proteins  and  Cas  proteins  show  that  both  fami¬ 
lies  (except  the  more  distantly  related  CASS4)  have  preserved  the  resi¬ 
dues  that  are  critical  for  their  interaction  (Fig.  5a  and  Supplementary 
Fig.  8).  This  analysis  explains  how  NSP  and  Cas  proteins  can  tightly 
associate  in  a  promiscuous  but  class-specific  manner11,12,39.  As  a  con¬ 
sequence,  different  pairwise  combinations  of  NSP  and  Cas  proteins 
can  exploit  functional  differences  such  as  divergent  phosphorylation 
sites  characteristic  of  the  particular  NSP-Cas  protein  module3,6,10,27 
(Fig.  5b).  In  this  manner,  the  signaling  outcome  can  be  fine-tuned 
by  the  particular  NSP-Cas  signaling  nodes  present  in  a  cell  type.  This 
class-specific  promiscuity  is  an  effective  structural  mechanism  for 
regulation  of  cellular  signaling  networks  by  NSP-Cas  modules. 

In  summary,  the  previously  unknown  closed  Cdc25-homology 
domain  conformation  of  NSP  proteins  is  an  adaption  enabling  tight 


interaction  with  the  C-terminal  FAT  domain  of  Cas  proteins.  This 
work  reveals  a  structural  paradigm  used  by  the  NSP  class  of  adaptor 
complexes  and  provides  a  new  basis  for  investigating  the  role  of  NSP- 
Cas  signaling  modules  in  cell  migration,  invasiveness  and  other  key 
physiological  and  pathological  processes. 

METHODS 

Methods  and  any  associated  references  are  available  in  the  online 
version  of  the  paper  at  http://www.nature.com/nsmb/. 

Accession  codes.  Protein  Data  Bank:  Coordinates  of  BCAR3  and  the 
NSP3-pl30Cas  complex  have  been  deposited  with  accession  codes 
3T6A  and  3T6G,  respectively. 

Note:  Supplementary  information  is  available  on  the  Nature  Structural  &  Molecular 
Biology  website. 
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ONLINE  METHODS 

Protein  purification  and  crystallization.  Expression  constructs  for  crystalliza¬ 
tion  were  cloned  into  pET29b  using  standard  PCR-based  methods,  and  mutants 
were  generated  using  QuikChange  site-directed  mutagenesis.  BCAR3502_825 
(Uniprot:  075815)  was  expressed  with  a  C-terminal  His6  tag  in  E.  coli  BL21  (DE3) 
and  was  purified  by  Ni2+  affinity  chromatography  followed  by  anion  exchange 
(Source  Q  10/10),  leading  to  typical  final  protein  concentrations  of  10-12  mg  ml-1 
BCAR3  in  10  mM  HEPES,  pH  7.9, 100  mM  NaCl  and  2  mM  DTT.  Initial  crystals 
of  wild-type  protein  grew  by  vapor  diffusion  from  15-20%  (w/v)  PEG3350, 0.04  M 
citric  acid  and  0.06  M  Bis-Tris  propane,  pH  6.4,  at  room  temperature.  A  con¬ 
taminant  lower-molecular-mass  species  was  avoided  by  creating  a  BCAR3502_825 
M536L  construct,  and  crystals  for  data  collection  were  grown  after  mixing 
3  jLll  of  BCAR3  with  1.5  jll  of  the  original  mother  liquor  incorporating  4%  (w/v) 
polypropylene  glycol  400  additive. 

The  complex  between  NSP3  (Uniprot:  Q8N5H7  isoform  2)  and  pl30Cas 
(Uniprot:  P56945)  was  prepared  by  mixing  cell  lysates  after  expression  of 
C-terminally  His-tagged  NSP3382_703  and  untagged  pi 30Cas645_870.  The  complex 
was  purified  by  both  affinity  and  anion-exchange  chromatography  in  a  final  buffer 
consisting  of  10  mM  Tris,  pH  8.0,  -150  mM  NaCl  and  2  mM  DTT.  Initial  crys¬ 
tals  were  obtained  using  wild-type  NSP3-pl30Cas  proteins,  whereas  a  construct 
incorporating  C497S  and  C598S  mutations  in  NSP3  (referred  to  as  NSP3)  crystal¬ 
lized  in  an  identical  manner  and  was  used  for  data  collection.  Final  crystals  were 
prepared  by  mixing  complex  with  mother  liquor  containing  PEG3350  and  sodium 
citrate,  pH  7.8,  in  a  2:1  ratio.  Diffraction  was  markedly  improved  by  exchange 
of  sodium  citrate  for  sodium  acetate  in  mother  liquor  after  crystal  growth.  Both 
BCAR3  and  NSP3-pl30Cas  crystals  were  prepared  for  data  collection  by  intro¬ 
ducing  glycerol  up  to  20%  and  15%  (w/v),  respectively,  before  flash  freezing. 

Structure  determination  and  refinement.  Diffraction  data  from  BCAR3  crys¬ 
tals  was  collected  using  a  Rigaku  Superbright  rotating- anode  source.  Data  was 
integrated  and  scaled  with  XDS40  and  SCALA41  and  the  structure  of  BCAR3  was 
solved  by  molecular  replacement  in  Phaser42  using  the  structure  of  NSP3  solved 
below  as  search  model.  The  model  was  refined  using  Phenix43  and  rebuilt  using 
COOT44.  Phases  of  the  NSP3-pl30Cas  complex  were  obtained  from  crystals 
containing  SeMet-derivatized  NSP3  and  by  soaking  native  complex  crystals  in 
10  mM  thimerosal  for  1  h  before  flash  freezing.  Derivative  data  were  collected 
at  wavelengths  corresponding  to  the  peak  of  anomalous  dispersion  for  selenium 
and  mercury  at  National  Synchrotron  Light  Source  beamline  X29.  Data  were 
integrated,  reduced  and  scaled  with  HKL2000  (ref.  45),  or  XDS  and  SCALA. 
Phasing  by  MIRAS  and  density  modification  were  carried  out  using  AutoSharp46 
and  partially  built  using  Buccaneer41.  The  model  was  completed  in  COOT  and 
refined  against  native  diffraction  data  using  Phenix.  Data  collection  and  final 
refinement  statistics  of  both  structures  are  in  Table  1.  Molecular  models  were 
pTlk  created  using  FFAS47  and  Modeller48,  and  all  figures  were  created  using  PyMOL 

HI  (http://pymol.org/). 

Protein  biochemistry.  Expression  constructs  for  target  GTPases  Rapla^^ 
(Uniprot  P62834)49,  rRas27_196  (Uniprot  P10301),  Rap21_167  (Uniprot 
P10114)50  and  C3G830_1077  (Uniprot  Q139  05)26  were  created  by  ligation- 
independent  cloning  into  a  modified  pET  vector  incorporating  an  N-terminal 
His  tag.  Proteins  were  purified  by  affinity  chromatography  and  size-exclusion 
chromatography  on  a  Superdex  200  column. 

Isothermal  titration  calorimetry  was  carried  out  using  a  MicroCal 
iTC200  calorimeter,  and  proteins  at  stated  concentrations  were  prepared  in  a 
matched  buffer  containing  10  mM  Tris,  100  mM  NaCl  and  0.5  mM  Tris-(2- 
carboxyethyl)phosphine  (TCEP).  Analytical  ultracentrifugation  sedimentation 
equilibrium  experiments  were  done  in  ProteomeLab  XL-I  (BeckmanCoulter) 
analytical  ultracentrifuge  with  protein  in  20  mM  Tris,  pH  8.0, 150  mM  NaCl  and 
1  mM  DTT.  Analysis  was  done  using  HeteroAnalysis  software  (by  J.L.  Cole  and 
J.W.  Lary,  University  of  Connecticut;  http://www.biotech.uconn.edu/auf/). 


Nucleotide  exchange  assays.  For  GDP  exchange  assays,  GTPases  were  loaded 
with  mant-GDP  using  standard  protocols51,  and  exchange  of  mantGDP  in  an 
excess  of  unlabeled  GDP  was  measured  by  tracking  fluorescence  at  460  nm  after 
excitation  at  355  nm  in  a  Molecular  Devices  fMax  fluorescent  plate  reader  at 
25  °C.  Exchange  assays  were  carried  out  with  -0.3  jlM  GTPase  in  a  buffer  contain¬ 
ing  10  mM  HEPES,  pH  7.8, 100  mM  NaCl,  0.5  mM  TCEP  and  2  mM  MgCl2,  and 
-0.1  mg  ml-1  BSA  was  included  to  stabilize  GTPases  in  solution. 

Antibodies.  A  rabbit  polyclonal  antibody  to  the  1 1  C-terminal  residues  of  NSP3 
was  used  for  immunoprecipitations  (10  jig)  and  a  Shepl  SH2  antibody23  was 
used  for  immunoblotting  (0.5  jig  ml-1).  The  following  primary  antibodies  were 
also  used:  pl30Cas  (BD  Transduction  laboratories;  1:600  dilution  of  a  0.25  mg 
ml-1  stock  for  immunoblotting),  BCAR3  (Santa  Cruz,  1  jig  ml-1  for  immuno¬ 
blotting  and  2  jig  for  immunoprecipitation)  and  GFP  (GeneTex;  1  pi  serum  for 
immunoprecipitation) . 

Transwell  migration  assays.  Cells  co-transfected  with  NSP3  constructs  in 
pcDNA3  and  the  peGFP-N3  plasmid  (Clontech)  were  seeded  on  Transwell 
filters  coated  on  both  sides  with  10  mg  ml-1  fibronectin  (Millipore).  EGF 
(20  ng  ml-1)  was  added  in  the  lower  chamber  as  a  chemoattractant,  in  comparison 
to  no  EGF  as  a  control.  The  cells  were  allowed  to  migrate  for  4  h,  and  the  mean 
eGFP  intensity  from  transfected  cells  on  the  bottom  side  of  the  filters  was  mea¬ 
sured  from  microscope  images.  Comparisons  between  wells  with  EGF  were  made 
by  one-way  ANOVA  and  Dunnetts  post-hoc  test.  Similar  results  were  obtained 
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